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ABSTRACT 
This  repor t  descr ibes  the  work done and 
c o n c l u s i o n s  a r r i v e d  a t  i n  a n  i n v e s t i g a t i o n  of t he  bas i c  
p r o p e r t i e s  o f  i r rad ia ted  polye thylene  memory ma te r i a l s .  
The p rope r t i e s  a f f ec t ing  c ros s l ink ing ,  t he  main f a c t o r  
which determines the memory in  polye thylene ,  were 
investigated using different commercial  polyethylene 
ma te r i a l s .  These properties  included:  Molecular  Weight,  
Molecular Weight D i s t r ibu t ion ,  and the Degree o f  Branching. 
v 
It was found t h a t  the molecular weight distri-  
but ion was the main f a c t o r  t h a t  i n f l u e n c e s  t h e  c r o s s l i n k i n g  
e f f i c i ency .  In  add i t ion ,  the  c o n d i t i o n s  a t  which t h e  
c ross l ink ing   occurs  were inves t iga t ed .  These condi t ions 
are temperature,  oxygen  environment, and rad ia t ion  dose .  
It was found t h a t  a t  i r r a d i a t i o n s  c o n d u c t e d  a r o u n d  25OC., 
temperature i s  no t  an  impor t an t  f ac to r  bu t  t ha t  t he  
presence of  oxygen does a f f e c t  the c ross l inkfng  of t h i n  
films 
Memory ( r e s t o r a t i o n )  s t u d i e s  were also performed 
using the d i f f e r e n t  commercial polyethylene materials t o  
see i f  they comple te ly  res tored  a f te r  be ing  deformed.  
It was found tha t  the  mater ia l  w i t h  the  best c ros s l ink ing  
p rope r t i e s  had the  best  memory cha rac t e r i s t i c s .  F ind ing  
the  p r o p e r t i e s  f o r  a supe r io r  memory mater ia l  a l so  involved  
determining the causes  and  control o f  shrinkage. It was 
found that processing induced orientation caused the 
shrinkage. The c o n t r o l  of  the  problem  entailed  producing 
x i  
stress-free ma te r i a l s  e i t he r  by annea l ing  or ien ted  mater ia l  
o r  by producing  unor ien ted  mater ia l .  In  addi t ion ,  for  the  
f i r s t  time a c ross l inked  th in  f i l m  (1.0 m i l )  m a t e r i a l  was 
demonst ra ted  to  res tore  100% i n  a 1-g environment. 
The mechanical  propert ies  o f  the supe r io r  memory 
m a t e r i a l  tes ted,  Gulf  "Poly-Eth" 5555 (Gulf 5555) f i l m ,  
were determined i n  d e t a i l ,  These proper t ies   inc luded  
t e n s i l e  t es t s  and modulus of  e l a s t i c i t y  d e t e r m i n a t i o n s  a t  
temperatures  between -7OOC.  and 175OC. With the mechanical 
p r o p e r t i e s  known, sk in- th ickness-s ize  re la t ionships  were 
e s t a b l i s h e d  f o r  spheres required to  withstand buckl ing 
pressures .  It was found t h a t  from a weight   s tandpoint ,  
spheres using the  memory mater ia l  a re  compet i t ive  w i t h  
Echo I.  
These cons idera t ions  now permit memory m a t e r i a l  
t o  be used t o  cons t ruc t  and deploy such objects a s  a i r  
densi ty  spheres ,  environmental  detect ion spheres ,  
r e f l e c t o r s  and s t r u c t u r a l  items such  as  I-beams  and booms. 
I n  a n t i c i p a t i o n  o f  us ing  t h i s  memory m a t e r i a l  t o  
cons t ruc t  and deploy ob jec t s  i n  space  i t  i s  recommended 
t h a t  a thermal  cont ro l  s tudy  and an anneal ing process  
scale-up be undertaken.  Culminating these s t u d i e s ,  t h e  
a c t u a l  0-g deployment t e s t  on spheres should be i n i t i a t e d .  
x i i  
A N  INVESTIGATION OF THE BASIC  PROPERTIES 
OF IRRADIATED  POLYETHYLENE MEMORY MATERIALS 
By Preston Keusch 
Dona I d  Greer 
John Rozembersky 
R A 1 Research  Corporation 
1 .o INTRODUCTION 
The purpose  of t h i s  con t r ac t ,  NAS1-7335, i s  t o  
es t ab l i sh  t r ends  in  the  mechan ica l  and molecular  propert ies  
of  i r rad ia ted  polye thylene  so  t h a t  i t s  s u i t a b i l i t y  f o r  
appl ica t ions  in  space ,  such  as  for  deployment  of ob jec t s  
a s  pas s ive  communica t ions  sa t e l l i t e s ,  a i r  dens i ty  sphe res ,  
unfurlable  sensing devices  and o the r  s t ruc tu res ,  can  be 
evaluated.  Most of the mechanical   propert ies   invest igated 
were concerned wi th  t h e  memory o r  "deployment" character- 
i s t i c s  o f  the mater ia l ,  whi le  most of the molecular proper- 
t i e s  were concerned with the c r o s s l i n k i n g  c h a r a c t e r i s t i c s  
of  the polyethylene when i r r a d i a t e d  w i t h  high energy 
e l ec t rons .  The molecu la r  p rope r t i e s  a f f ec t ing  the  
c r o s s l i n k i n g  c h a r a c t e r i s t i c s  were determined since cross- 
l i nk ing  i s  t h e  f a c t o r  t h a t  g i v e s  the  polyethylene i t s  
e l a s tomer i c  p rope r t i e s  o r  "memory" for  self-deployment .  
The approach undertaken was t o  i n i t i a l l y  i n v e s t i -  
g a t e   i n  house a l a rge  number of .commercially avaflable 
polyethylene films and resins and, based on t h e i r  molecular 
and mechanical  propert ies ,  and t h e i r  a v a i l a b i l i t y ,  t o  
s e l e c t  from th is  c o l l e c t i o n  a r ep resen ta t ive  number of them 
t o  be used i n  f u r t h e r  s t u d i e s  o f  t h e  e f f e c t  o f  m o l e c u l a r  
p rope r t i e s  on crosslinking  and memory.  From the f o u r  
1 
representa t ive  polye thylene  films, the one w i t h  the  best 
p r o p e r t i e s  f o r  u s e  a s  a  memory ma te r i a l  was then thoroughly 
inves t iga t ed .  Wrth the  guide l ines  known from theory,  
e s s e n t i a l l y  two b a s i c  p r o p e r t i e s  were s tudied  w i t h  the  
f i n a l  f o u r  m a t e r i a l s .  These p rope r t i e s  were  molecular 
weight d i s t r i b u t i o n ,  and dens i ty .  The following  has been 
found: The theore t ica l   molecular  and c ross l ink ing   p rope r t i e s  
s u i t a b l e  t o  enhance t h e  memory e f f e c t  have been e s t ab l i shed .  
Basical ly ,  narrow molecular  weight  dis t r ibut ion,  low dens i ty  
polye thylene   res ins   c ross l ink   bes t .  The mechanical  proper- 
t i e s  o f  t he  memory ma te r i a l s  have  been inves t iga t ed .  T h i s  
includes the b a s i c  memory force  as  charac te r ized  by the  
modlulus of e l a s t i c i t y  above the  c r y s t a l l i n e  melt point  of  
t h e  polymer a s  well a s  a modulus-temperature study in the  
range  of -7OOC.  t o  l 7 5 O C .  The e f f ec t s  of  processing on the 
memory e f f e c t  have a l s o  been e s t ab l i shed .  In add i t ion ,  the  
memory phenomenon has been demonstrated on thin, crosslinked 
polyethylene f i lm.  It has  been  successfully shown t h a t  the 
memory fo rce  i s  opera t ive  on t h i n  films i n  a 1-g f i e l d .  
1.1 H i s  t o r y  
The memory ef fec t  induced  in  polye thylene  by 
i r r a d i a t i o n  o f  p l a s t i c  w i t h  e i t h e r  beta  o r  gamma r a d i a t i o n  
was f i r s t  noted by Charlesby '* i n  h i s  book, "Atomic 
Radiation and Polymers" wherein he descr ibes  the memory 
phenomenon a s  "an i n t e r e s t i n g  and o f t e n  amusing property 
- 
*Raised number i n d i c a t e s  r e f e r e n c e s  l i s t e d  on  pp. 87, 88 
and 89. 
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of l i g h t l y  i r radiated  polyethylene".  H e  n o t e s  f u r t h e r  t h a t  
t h e  memory phenomenon " r e l i e s  on t h e  f a c t  t h a t  on i r r a d i a t i o n  
a crosslinked network i s  formed wi th  a de f in i t e  equ i l ib r ium 
s t a t e .  When o t h e r  c o n s t r a i n t s  s u c h  a s  c r y s t a l l i n i t y  o r  
e x t e r n a l  s t r e s s e s  a r e  removed, the polymer will r e t u r n  
t o  t he  same molecular arrangement i t  had dur ing  rad ia t ion" .  
The memory e f f e c t  w i l l  be discussed more f u l l y  i n  S e c t i o n  2.1- 
of t h i s  r e p o r t .  
The app l i ca t ion  of  t h i s  p l a s t i c  memory e f f e c t  t o  
the development of a space  s t ruc tu re  was f irst  proposed by 
R A I i n  1961. This r e s u l t e d  i n  a prel iminary  s tudy of the  
phenomenon under  contract  NASr-78 t o  the National Aeronautics 
and  Space Administration. The scope of work under t h i s  
con t r ac t ,  a l t hough  empi r i ca l  i n  na tu re ,  was d i r ec t ed  toward 
an  inves t iga t ion  o f  the  mechanism o f  the memory phenomenon 
t o  permit  adaptat ion o f  the process  t o  development of 
e r ec t ab le   space   s t ruc tu res .  To t h i s  end t h e  f e a s f b i l i t y  of  
t he  memory e f f e c t  was s tudied and demonstrated. 
Following t h i s ,  under  contract  NAS5-3923, a design 
s tudy for development o f  a 425-ft. diameter  passive 
communications s a t e l l i t e  f o r  radio-frequency ref lect ion-was 
undertaken. The design  weight o f  t h e  s a t e l l i t e  was 897 lbs. 
T h i s  s a t e l l i t e  was t o  be deployed by use of the p l a s t i c  
memory ef fec t .  Wi th in  th i s  s tudy it was found t h a t  t h i n  
(low weight) polyethylene films could withstand solar  
pressures ,  and t h e  th in  polye thylene  films t o  be used i n  
constructing the sphere could be metal l ized and  bonded. 
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2 .o THEORY 
P r i o r  t o  d i scuss ion  o f  the theory on the  experi-  
mental  resul ts  obtained under  t h i s  con t r ac t ,  a desc r ip t ion  
of the workings of the plastic memory phenomenon and t h e  
processing s teps  leading to the production of a memory 
mater ia l  will be given. The development of the memory fo rce  
i n  p l a s t i c s  i s  accomplished as  fol lows:  
1. A thermoplastic polymer (such as polyethylene) 
having a c r y s t a l l i n e  s t r u c t u r e  i s  i r r a d i a t e d  i n  a 
predetermined  configuration. The i r r ad ia t ion   p roduces  
c ros s l inks   i n   t he   po lymer .  The i r r a d i a t i o n  i s  conducted 
us ing  e i the r  be t a  o r  gamma r a d i a t i o n .  
2. The i r r a d i a t e d  o b j e c t  i s  then heated above i t s  
c rys t a l l i ne  me l t ing  po in t  (Tm) and i n  t h i s  s t a t e  can  be 
folded and packaged. ( O f  course the  objec t  may be packaged 
i n  a c o o l  s t a t e ,  a l s o . )  
3. The folded or packaged ob jec t  i s  allowed t o  
cool   permi t t ing  the c r y s t a l  s t r u c t u r e  t o  develop. This  
configurat ion i s  then  r e t a ined  inde f in i t e ly  by v i r tue  o f  
i t s  " f rozen"  c rys t a l l i ne  s t ruc tu re .  
4 .  Upon reheating the object above i t s  c r y s t a l l i n e  
melt ing point ,  i t  w i l l  r e t u r n  t o  the configurat ion it had 
d u r i n g  i r r a d i a t i o n .  
Investigations conducted under t h i s  con t r ac t  
have shown t h a t  t h e  above has t o  be qual i f ied f o r  or ien ted  
mater ia l s   s t ressed  by processing. If t h e  mater ia l  i s  
produced (such as by ex t rus ion )  with o r i e n t a t i o n ,  the  ma te r i a l  
4 
when heated above i t s  Tm w i l l  tend to  sh r ink ,  t he reby  no t  
r e tu rn ing  t o  i t s  original  shape.  Consequently,  the  
shrinkage must be designed f o r  and/or elimfnated before 
a memory cycle i s  i n i t i a t e d ,  T h i s  i s  accomplished by a 
h e a t  t r e a t i n g  o r  a n n e a l i n g  s t e p  a f t e r  the i r r a d i a t i o n .  
The configurat ion of  t he  ma te r i a l  a f t e r  hea t  t r ea tmen t  i s  
cons ide red  in  the  des i r ed  equ i l ib r ium s t a t e .  The whole 
stepwise plan i s  shown in  F igu re  1. 
The theory, which w i l l  follow, i s  d iv ided  in to  
t h r e e  p a r t s .  The f i r s t  pa r t  d i scusses  the  na ture  of  the 
e l a s t i c  f o r c e s  and the  f ac to r s  t ha t  de t e rmine  them. The 
second pa r t  d i scusses  c ros s l ink ing ,  t he  main f a c t o r  t h a t  
governs  the memory f o r c e s .  I n  the sec t ion  on c ross l ink ing  
the  bas i c  po lymer i c  p rope r t i e s  a f f ec t ing  c ros s l ink ing  a re  
discussed.  The t h i r d  par t   d iscusses   the  problems of 
d i m e n s i o n a l  s t a b i l i t y  and the mechanism of "or iented 
c r y s t a l l i n i t y  and c o n t r a c t i l i t y  i n  the absence of tension".  
2 .1  The Memory Force 
When a crosslinked polymer i s  taken above i t s  
c rys t a l l i ne  me l t ing  po in t  (Tm),  i t s  polymeric molecules 
a r e  i n  a n  e s s e n t i a l l y  random coiled conformation, randomly 
t i e d  t o g e t h e r  by the c ross l inks .  These c r o s s l i n k s  t e n d  t o  
keep the  m o l e c u l e s  i n  r e l a t i v e l y  the same pos i t i ons  to  each  
o the r  whether above o r  below the Tm. The random s t a t e  
the matr ix  of molecules i s  i n ,  above the Tm, can be considered 
an  equ i l ib r ium s t a t e  and consequently any distortion from 
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i t s  original conformation-which will be e s s e n t i a l l y  i t s  
conformation when crossl inked.  T h i s  r e s t o r a t i o n  o f  t he  
matrix of  molecules t o  i t s  equ i l ib r ium s t a t e ,  when observed 
macroscopically on a crosslinked polymer material ,  i s  known 
a s  t h e  "memory e f f e c t " .  
In non-crosslinked polymers, once the Tm i s  
exceeded, the polymer exhibi ts  permanent flow p r o p e r t i e s  
and the memory phenomenon i s  not  observed .  I r rad ia t ion  o f  
ce r t a in  the rmop las t i c s ,  however, causes the development o f  
crossl inks in  the thermoplast ic ,  thereby changing the 
l i n e a r  s t r u c t u r e  t o  a three-dimensional  network.  Radiation, 
i n  e f f e c t ,  v u l c a n i z e s  the p l a s t i c  and makes i t  an elastomer.  
The elastomeric properties,  however,  are not observed a t  
temperatures below the Tm because the  c r y s t a l l i n e  f o r c e s  
a r e  much g rea t e r  t han  the  memory fo rces .  When the c r y s t a l -  
l i n e  f o r c e  i s  eliminated by exceeding the c r y s t a l l i n e  
melt ing point ,  the  memory phenomenon i s  observed. 
From the  theory  of r u b b e r  e l a s t i c i t y ,  2,3 it  i s  
poss ib le  t o  c a l c u l a t e  the f o r c e  i n  d i s t o r t i n g  a molecule 
from its equilibrium  conformation. With t h i s  fo rce  known, 
the energy  s tored  in  a u n i t  volume made up of  a number of 
these  d is tor ted  molecules  may be evaluated.  From th is  the 
modulus of  r u b b e r  e l a s t i c i t y  is then found t o  be 
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where k = Boltzmann  constant 
T = absolute temperature (above Tm) 
v = number of chains  per  un i t  volume 
= dens i ty  
N = Avagadro 1s Number 
Mc = Molecular Weight between crosslinks 
M = Number Average  Molecular  Weight of chain n 
<a> = the  l i n e a r  d i a l a t i o n  f a c t o r  = average chain 
l eng th  in  the  o r i en ted  s t a t e /  ave rage  cha in  
l eng th  in  the  unor i en ted  s t a t e  
g = the entanglement  factor  
I n  this equation, <a>, the l i n e a r  d i a l a t i o n  f a c t o r ,  
r e f l e c t s  t h e  e f f e c t  of processing on the modulus. If, when 
crossl inked the ma te r i a l  were or ien ted ,  ea> w i l l  be g r e a t e r  
than 1, and depending upon the degree o f  o r i e n t a t i o n  <a> 
may vary-ge t t ing  la rger  w i t h  o r i e n t a t i o n .  Thus, <a> accounts 
f o r  i n i t i a l  e q u i l i b r i u m  s t a t e s  which deviate from the 
e n t i r e l y  random one.  Consequently, i f  the  processing 
produces mater ia ls  of different  molecular  a l ignments  and 
o r i e n t a t i o n s  t h e i r  moduli w i l l  be d i f fe ren t  even  i f  they 
a r e  made from t h e  same r e s i n  and cross l inked  under  ident ica l  
cond i t ions .   In   add i t ion ,   g ,  i s  a co r rec t ion   f ac to r   t ak ing  
in to  account  t h e  fact  that  molecular  entanglements  a lso can 
a c t  a s  c r o s s l i n k s .  This  f a c t o r ,  g, i s  mainly  dependent on 
the high molecular weight molecules which are the ones that 
most readi ly  en tangle .  
Equation (1) may n o t  e n t i r e l y  comply t o  crossl inked 
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polyethylene.   For  one,   the  base  polyethylene i s  composed 
of branched molecules-not the ideal random chains .  
Addit ional ly ,  the base polyethylene i s  no t  composed of 
molecules of a single molecular weight but of  a d i s t r i b u t i o n  
of  molecular  weights-some of  which do not crosslink. None- 
the less ,  equa t ion  (1) may be used a s  a guide t o  the  exper i -  
mental study o f  polyethylene memory mater ia l .  O f  paramount 
importance i s  t h e  f a c t  t h a t  t h e  memory forces  can be 
character ized by the  modulus o f  e l a s t i c i t y  above the Tm- 
and t h i s  modulus  can be thought of a s  a "spr ing constant"  
f o r  the mater ia l .   Equat ion (1) a d d i t i o n a l l y  p r e d i c t s  the 
e f f e c t  o f  dens i ty  ( p ) ,  o r i e n t a t i o n  (<a>), and molecular 
weight (Mn). For a l l  t h r e e ,  t h e  modulus  should  increase 
as   the   p roper ty   increases   in   va lue .   Fur thermore ,  
equation (1) p r e d i c t s  t h e  e f f e c t  o f  c ros s l ink ing  on E. It 
i s  seen ,  as  more c ross l inkages  a re  in t roduced ,  tha t  E should 
1 
i n c r e a s e   a s  - M C (1- IT-" *MC) s ince  M, the molecular  weight 
n 
between c ross l inks  w i l l  g e t  s m a l l e r  a s  the dens i ty  o f  
crosslinks  increases.   Because  the  crosslinkages  are 
necessary f o r  implementation of the memory e f f e c t  a s  w e l l  
a s  the determining  fac tor  o f  t he  memory fo rce ,  i t  is  
important t o  know what f ac to r s  i n  the  po lye thy lene  r e s in  
i t s e l f  d e t e r m i n e  t h e  e f f i c i e n c y  and degree of c ross l ink ing  
when it i s  i r r a d i a t e d  w i t h  high energy electrons o r  Y-rays. 
The e f f e c t  of  the molecular  proper t ies  o f  polyethylene on 
the  c ros s l ink ing  e f f i c i ency  and degree o f  c ros s l ink ing  w i l l  
be d i scussed  in  the  nex t  s ec t ion .  
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2.2 The Crosslinking Mechanism 
2.2.1 Ef fec t  o f  Ionizing  Radiation  on  Polymers 
Ioniz ing  rad ia t ions ,  such  as  p p a r t i c l e s  ( e l e c t r o n s )  
o r  gamma rays ,  gene ra l ly  in t e rac t  w i t h  polymeric  mater ia ls  t o  
cause  e i the r  c ros s l ink ing  o r  deg rada t ion .  (Other reac t ions ,  
such  as  the production o r  removal of unsa tura t ion  and the 
formation o f  gases,  may also  occur . )   Extensive  discussions 
on  the  e f fec ts  of r a d i a t i o n  on polymers can be found i n  t h e  
t e x t s  by Charlesby,'  Chapiro, and Bovey . The o v e r a l l  
e f f e c t  of  c ross l ink ing  i s  that  the molecular  weight  o f  the  
polymer  increases  unt i l  u l t imate ly  a three-dimensional 
insoluble network i s  formed. 
4 5 
Crosslinked polymers no longer melt  a t  the  normal 
melting temperature, and have increased tensi le  s t rength 
and decreased elongation. 
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On the o the r  hand, r ad ia t ion  degrada t ion  r e su l t s  
i n  the polymer suffering random chain  sc i ss ions .  
- 
Thus, the molecular  weight  s teadi ly  decreases  with r a d i a t i o n  
dose and i n  extreme cases a low molecular weight l iquid may 
r e su l t .  Degrada t ion  r e su l t s  i n  the  lower ing  of t h e  t e n s i l e  
s t r eng th  of a polymer. 
Since both c ross l ink ing  and degradat ion occur  
s imul taneous ly  in  most polymers, i t  i s  the  r e l a t ive  t enden-  
c i e s  toward t h e  two r eac t ions  which determine the net  resul t  
of i r r a d i a t i o n .  Thus, i f  c ros s l ink ing  occur s  a t  a higher  
y i e ld  than  cha in  sc i s s ion ,  t he  ne t  r e su l t  i s  c ross l ink ing  
whereas i f  cha in  sc i ss ion  i s  predominant, the polymer 
degrades.  Polymers  which  crosslink upon i r r a d i a t i o n  i n c l u d e  
polyethylene,  polystyrene,  polyacrylates ,  polyvinyl  chlor ide,  
polyarnides and polyesters-al l  polymers  capable  of  forming 
near ly  random coil  conformation.  Polymers  which  degrade 
upon i r rad ia t ion  inc lude  poly isobuty lene ,  po lymethacry la tes ,  
polyvinyl idene chlor ide,  polytetrafluoroethylene, p o l y t r i -  
f luorochloroethylene and the  ce l lu los ics -a l l  po lymers  which 
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form stiff  cha ins  r a the r  t han  random coi l  conformations.  
The exact  path by which radiation-induced 
crossl inking/sciss ion react ions occur  has  been the subject  
of much d iscuss ion .  The general ly   accepted mechanism 
involves  the react ion of  f ree  radicals ,  a l though ionic  
mechanisms, 8 9 9  have also  been  postulated.   Furthermore,  
recent  work on t h e  i r r a d i a t i o n  o f  simple organic compounds 
allows one t o  pos tu l a t e  a mechanism f o r  polymer crosslinking 
involving  carbenes. 10 
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2.2.2 The Factors   Affect ing  Crossl inking 
The f a c t o r s  which have been found t o  a f f e c t  the 
c ross l ink ing  of polyethylene are  as  fol lows:  dose,  molecular  
weight, mo lecu la r  we igh t  d i s t r ibu t ion ,  dens i ty ,  c rys t a l l i n i ty ,  
temperature ,  i r radiat ion atmosphere and the degree o f  
branching  of   the  polyethylene.   These  above  var iables   are   in  
g e n e r a l  i n t e r a c t i n g  and it i s  d i f f i c u l t  t o  separa te  them f o r  
paramet r ic   s tud ies  on a commercial  polyethylene.  For  instance, 
c r y s t a l l i n i t y  i t s e l f  i s  dependent upon molecular weight, the 
degree of branching and temperature. The effect   of  atmos- 
phere (oxygen degradation) i s  dependent on the degree of 
b ranch ing ,   c rys t a l l i n i ty  and temperature .   Fortui tously,  
t h e r e  a r e  a number o f  memory var iables  such as  molecular  
weight d i s t r i b u t i o n  and molecular weight which a f f e c t  t h e  
degree of  c ross l ink ing  more than the o the r  va r i ab le s  and 
commercial polyethylene can be classif ied roughly according 
t o  a g iven  se t  of p rope r t i e s  by knowledge of i t s  dens i ty .  
What w i l l  now follow is  an  ind iv idua l  descr ip t ion  of t he  
12 
e f f e c t s  t h e  v a r i a b l e s  have on crosslinking efficiency based 
on  what paramet r ic  s tud ies  were found i n  t h e  l i t e r a t u r e .  
2.2.2.1 Dose 
It has been found t h a t  the dens i ty  o f  c ros s l inks  
(9) i n  an  i r r ad ia t ed  po lymer ,  deve loped  a s  desc r ibed  in  
Sect ion 2.2.5, i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  d o s e  it 
rece ives  
where qo i s  the crossl ink densi ty  developed per  1 Mrad 
of i r r a d i a t i o n ,  and 
r i s  the radiat ion dose in  megarads.  
This  fol lows s ince the  crosslinks occur randomly and inde- 
pendently i n  the polymer.  Since the  c r o s s l i n k s  a r e  distri-  
b u t e d  i n  a random manner, the average molecular weight 
between c ross l inks  (M,) i s  given by 
MO Mc = -q 
where Mo i s  the  molecular weight of  a r e p e a t  u n i t  i n  a 
polymer chain.  
When the polyethylene i s  first i r r a d i a t e d  it b e g i n s  t o  
develop branches (at  ca .  0 t o  3 Mrads)  and a t  a higher dose 
(between 3 - 18 Mrads) the  polye thylene  begins  to  c ross l ink .  
The dose where c ros s l ink ing  f i r s t  occurs i s  ca l l ed  rgel. 
(Th i s  i s  the dose where the  f irst  s ign  o f  an  in so lub le  ge l  
appears when the  polymer i s  d i s s o l v e d  i n  a so lven t . )  
Quan t i t a t ive ly ,  how well a polymer c ros s l inks  w i t h  dose i s  
best measured by so lvent  ex t rac t ion  techniques .  A cross-  
linked polymer i s  placed i n  a solvent  (capable  of  d i s so lv ing  
t h e  non-crosslinked polymer) a t  e l eva ted  t empera tu re  fo r  a 
13 
period of time. The non-crossl inked fract ion of  the polymer 
( t h e  sol-s) i s  then extracted out  leaving the crossl inked 
matr ix  ( the  g e l ,  g = 1-s) . With the  sols and  corresponding 
doses known, theore t ica l  p rocedures  descr ibed  in  Sec t ion  
2.2.3 can  be  used to  de te rmine  q and Mc.  When the  c ross -  
l inking occurs ,  the molecules of high molecular weight 
c r o s s l i n k  e a s i e s t  and first-with the  low molecular weight 
chains always crosslinking more d i f f i c u l t l y  a n d ,  i n  f a c t ,  
some n e v e r  c r o s s l i n k  a t  a l l .  
2.2.2.2 Molecular Weight 
With t h e  larger molecules determining when 
ge la t ion  f irst  occurs,  i t  was determined theoret ical ly ,  
that  whatever  the molecular weight d i s t r i b u t i o n ,  t h r e e -  
dimensional network formation first b e g i n s  t o  o c c u r  a t  a 
crossl inking densi ty  corresponding t o  one c ross l inked  uni t  
p e r  weight average  molecule.  Thus, t h e  g e l  p o i n t  i s  
given by the  equat ion  
Mw 
q F -  1  
0 
where Mw i s  the  weight average molecular weight. 
If equation ( 2 j  i s  s u b s t i t u t e d  i n t o  (4)  it i s  
then  seen  tha t  the  dose  jus t  caus ing  ge la t ion  i s  
MO 
2.2.2.3 Molecular  Weight  Distribution 
The e f f e c t  of molecular  weight  d i s t r ibu t ion  (MWD) 
on the c ross l ink ing  of  a polymer i s  considerable .  It has 
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been found i n  g e n e r a l  t h a t  a s  t h e  d i s t r i b u t i o n  becomes 
narrower  the  polymer  crosslinks more e f f i c i e n t l y . '  The 
r e l a t i v e  c r o s s l i n k i n g  e f f i c i e n c i e s  of d i f f e r e n t  MWDrs 
can best  be  seen  from  sol-dose  curves.  These  curves  are 
p lo t t ed  in  F igu res  2 and 3, with sol f r ac t ion  vs .  c ros s -  
l i n k i n g   c o e f f i c i e n t  with MWD as   parameter .  It appears 
t h a t  with a number average molecular weight (M,) of above 
10,000 a nar row dis t r ibu t ion  lends  t o  more e f f i c i e n t  
* 
cross l ink ing  than  a wider d i s t r i b u t i o n  with the  same B$, 
because the wider d i s t r ibu t ion  ma te r i a l  con ta ins  a l a r g e r  
proport ion of  low molecular weight polymer-which does not 
c r o s s l i n k  r e a d i l y .  I n  a recent  fundamental  paper by 
Sa i to ,  Kang and Dole, it was furthermore shown t h a t   f o r  
two polymers wi th  the  s i m i l a r  d i s t r i b u t i o n s  ( the  same 
Mn and r a t i o )  the one with a s u f f i c i e n t l y  high molecular 
Mn 
w e i g h t  " t a i l "  on the end o f  i t s  d i s t r i b u t i o n  w i l l  c ros s l ink  
more e f f i c i e n t l y .  This  aga in  po in t s  ou t  t he  bene f i c i a l  
e f f e c t  the  large  molecules   possess  f o r  c ross l ink ing .  It 
add i t iona l ly  means t h a t  a polymer with a somewhat broader 
MtJD and a l a rge r  h igh  molecu la r  we igh t  t a i l  may c ross l ink  
- * The c ross l ink ing  coe f f i c i en t  ( 6 )  i s  t h e  number of 
c ross l inked  uni t s  per weight average molecule: 
$1 
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F i g ,  2 DECREASE I N  SOLUBLE  FRACTION 
OF CROSSLINKED POLYMER WHEN 
(Reference 1) 
6 EXCEEDS 1. 
a .  I n i t i a l l y  u n i f o r m  d i s t r i b u t i o n  
b. I n i t i a l l y  random d i s t r i b u t i o n  
c.  I n i t i a l l y  pseudo-random 
d i s t r i b u t i o n  
When 6 i s  less than  un i ty  the  po lymer  
i s  c o m p l e t e l y  s o l u b l e  i n  a l l  c a s e s .  
C r o s s l i n k i n g  c o e f f i c i e n t  6 = Number o f  c r o s s l i n k e d  u n i t s  
p e r  weight average molecule  
F ig .  3 SOME CALCULATED SOL-6 CURVES. 
(Reference 1) 
I. n molecules  of  un i form  s ize .  
11. n molecules   each   conta in ing  u 
monomer u n i t s  -I- n/2 molecules  
each  con ta in ing  2u monomer 
u n i t s .  
111. n molecules  with u monomer 
u n i t s  e a c h  + n/4 molecules  
w i t h  4u monomer u n i t s  e a c h .  
I V .  n molecules   wi th  u monomer 
u n i t s  e a c h  + n/lO molecules  
wi th  1Ou monomer u n i t s  e a c h .  
V. Random d i s t r i b u t i o n .  
" 
' I  2 3 4 5 6 7  10 1528 
C r o s s l i n k i n g  c o e f f i c i e n t  6 
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more e f f i c i e n t l y  t h a n  one with a narrower MFJD and a smaller  
high molecular weight t a i l .  
2.2.2.4 C r y s t a l l i n i t y  and Temperature 
It i s  best  t o  consider the e f f e c t s  of c r y s t a l l i n i t y  
and temperature together on t h e  e f f i c i e n c y  of c ross l ink ing  
s i n c e  C r y s t a l l i n i t y  i s  i t s e l f  a func t ion  of  temperature. 
The problem, a t  a given temperature i s  to  de te rmine  the  
e f f i c i e n c y  of c r o s s l i n k i n g  i n  the c r y s t a l l i n e  r e g i o n  a s  
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opposed t o  the amorphous region.  Kitaman, e t  a l . ,  
i n  a number o f  experiments  crossl inking amorphous to  ve ry  
h igh  pe rcen t  c rys t a l l i n i ty  po lye thy lene  and us ing  ex t rac t ion  
techniques,  determined that the o v e r a l l  amount of  cross-  
l ink ing ,  &, per given dose can be determined as follows: 
Q = c r o s s l i n k s  i n  amorphous region -k c ross l inks  
i n  c r y s t a l l i n e  regLon 
where x ( T )  = f r a c t i o n  o f  c r y s t a l l i n i t y   i n  a 
polyethylene mater ia l  
ka(T) ,kc(T) = number of crosslinks/dose produced 
in the amorphous  and c r y s t a l l i n e  
reg ions ,   respec t ive ly .  
The func t ion  X(T) t h e  f r a c t i o n  o f  c r y s t a l l i n i t y  i s  given 
schemat ica l ly  in  F igure  4, while  the func t ions  k a ( T ) ,  
kc(T)  are  given i n  Figure 5. The above r e s u l t s  i n d i c a t e  
t h a t :  
(1) A t  low temperature  (below  ca. l l O ° C . )  cross-  
l i nk ing  i s  more e f f i c i e n t  i n  t h e  amorphous region.  
(2)  Above ca .  l25OC. c r o s s l i n k i n g  i n  t h e  
c r y s t a l l i n e  r e g i o n  i s  about twice a s  e f f i c i e n t  a s  i n  the 
17 
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2.2.2.5 The Degree o f  Branching 
The degree of  branching, whether of long chains 
o r  short cha ins  adve r se ly  a f f ec t s  t he  e f f i c i ency  of cross-  
l i nk ing .  A branch point  i s  au tomat i ca l ly  the  s i t e  o f  a 
t e r t i a r y  hydrogen 
H 





which when ex t rac ted  by a s t r i k i n g  p a r t i c l e  o r  y r ay  
leaves a r e l a t i v e l y  s t a b l e  f r e e  r a d i c a l  which will not lend 
t o  couple w i t h  another  f?ee  rad ica l  ( t o  c ross l ink)  but  may 
tend t o  c leave  (degrade ,  espec ia l ly  in  the  presence  of  
oxygen). From the s tandpoint  of the number o f  t e r t i a r y  
hydrogen per 100 mer u n i t s  of unsaturated hydrocarbon 
polymers the fol lowing order  o f  c ross l ink ing  ef f ic iency  
would appear: 
Substance  Tert-H/100 mer u n i t s  
Polymethylene  (pure  straight 
chain polyethylene) 
0 
Polyethylene  (branched) ca .  0.2-6.0 ( r e f .  15) 
Polypropylene 50 
The e f f e c t  o f  branching may a d d i t i o n a l l y  have an 
i n d i r e c t  e f f e c t  on c r o s s l i n k i n g  i n  the  sense  tha t  i t  a f f e c t s  
the degree o f  c rys t a l l i n i ty .  Bracch ing  i s  one of  the main 
f a c t o r s  t h a t  d i s r u p t s  and p r e v e n t s  c r y s t a l l i n i t y  by 
i n t e r f e r i n g  wi th  the orderly molecular packing of the  
19 
. . " 
system.  In t h i s  way the c r y s t a l l i n i t y  of  branched  poly- 
e thylene may be lowered a s  much a s  40% below t h a t  o f  
l i nea r  po lye thy lene .  The e f f e c t  C r y s t a l l i n i t y  h a s  on 
c ros s l ink ing  w i l l  be a l t e r ed  p ropor t iona l ly .  
2.2.2.6 The Effect  of   an  Oxygen Atmosphere 
The presence of oxygen during irradiation i s  i n  
general  undesirable ,  s ince the presence of f r ee  r a d i c a l s  
with t h e  oxygen  cause  rapid  oxidative  degradation. T h i s  
degradat ion effect  is g r e a t l y  pronounced on long-term 
i r r ad ia t ions ,  such  a s  those  needed when low i n t e n s i t y  
v sou.rces are used, o r  when the specimen being irradiated 
i s  v e r y  t h i n .  I n  f a c t ,  w i th  long times o r  t h in  samples  
a s teady-s ta te  oxygen diffusion system i s  obtained which 
rapidly degrades the ma te r i a l  be ing  i r r ad ia t ed  . l6 It 
should be noted t h a t  t h e  e f fec ts  o f  oxygen are dependent on 
the c r y s t a l l i n i t y  and amount cf branching  in  t h e  ma te r i a l .  
The more branching t h e  more suscept ib le  the polyethylene 
w i l l  be t o  oxidat ive  degradat ion.  As f o r  c r y s t a l l i n i t y  
there  a r e  two cons idera t ions .  A h i g h l y   c r y s t a l l i n e  
ma te r i a l  w i l l  d i f f u s e  i n  less oxygen d u r i n g  t h e  i r r a d i a t i o n  
process ,  but  it w i l l  be more conducive t o  t he  r e t e n t i o n  
of trapped radicals which w i l l  then,  over  a period of time , 
even a f t e r  t h e  ma te r i a l  i s  removed from t h e  source of 
r a d i a t i o n ,  r e a c t  w i t h  t h e  s lowly  d i f fus ing  oxygen causing 
degradat ion.  
. 
. .  
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2.2.3 Theoretical   Determination of  t h e  Degree o f  
Crossl inking 
The degree of c ross l ink ing  can  be determined 
q u a n t i t a t i v e l y  by measurement of  t h e  c ros s l ink ing  dens i ty  ( 9 )  
o r  a l ternat ively the molecular  weight  between crossl inks ( M c ) .  
A de sc r ip t ion  of  the method of determinat ion i s  presented.  
In  gene ra l ,  when c r o s s l i n k i n g  e f f i c i e n c i e s  a r e  
determined, s o l  ( s )  o r  gel (g)  i s  co r re l a t ed  wi th  dose .  
The fo l lowing  t rea tment  re la t ing  c ross l ink ing  dens i ty  wi th  
g e l  i s  taken from the  recent  work of  Sa i to ,  Kang and Dole. 
The g e l  f r a c t i o n ,  g, r e s u l t i n g  from  simultaneous 
11 
cross l ink ing  and s c i s s i o n  i n  a n  i r r a d i a t e d  polymer, w i t h  
a n  a r b i t r a r y  i n i t i a l  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n  i s  
given by the following equation: 
where q = /P,(o), the  number of c ros s l inks  pe r  
s t r u c t u r a l  u n i t  
9 
y = t h e  number of  c r o s s l i n k s  p e r  i n i t i a l  
number average molecule 
z = (2g+T)q 
T = 'O/q0 = t h e  s c i s s i o n  t o  c r o s s l i n k i n g  r a t i o  
Pn(o) = t h e  i n i t i a l  number average molecular size 
d i s t r i b u t i o n ,  and 
G o ( z )  = the Laplace transform of t h e  i n i t i a l  
molecular  s ize  d is t r ibu t ion ,  m(P,o) ,  i . e . ,  
G o ( z )  = m(P,o)e -"dP s 
0 
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The molecular weight d i s t r i b u t i o n   t h a t  was 
found to best descr ibe polyethylene i s  the  Wesslau 
d i s t r i b u t i o n .  28 It i s  given by the following equation: 
h 
where e i s  a n  a r b i t r a r y  p o s i t i v e  number express ing  the  
spread o f  t h e  d i s t r i b u t i o n .  
S u b s t i t a t i n g  the Wesslaa dis t r ibut ion formula 
for m(P,o) i n  Eq. (8) and the  r e s c i t i n g  v a l c e  of  G o ( z )  i n  
Eq, (7) one  obtains 
where z = (2g+7) y e - B2/4 
0 
I n  the above equation n i s  the  va r i ab le  of i n t eg ra t ion ,  
y i s  the  number of  c ross l inks  per i n i t i a l  number average 
molecule and g i s  the weight f r a c t i o n  o f  ge l .  
Equation ( 9 )  cannot be so lved  fo r  g in  c losed  
form. Kang, S a i t o  and  Dole  then  solved Eq. ( 9 )  by 
computer, r e s u l t i n g  i n  a t abu la t ion  o f  ge l  (g )  ve r sus  the 
number of  c ross l inks  per i n i t i a l  number average molecule (y )  
22 
w i t h  s c i s s i o n  t o  c r o s s l i n k i n g  r a t i o  ( T )  and the  index of 
the spread in  molecular  weight d i s t r i b u t i o n  ( e )  a s  
parameters.  Consequently, with T and B known, y may be 
co r re l a t ed  with g. Since g can be determined experimentally 
with rad ia t ion  dose  (r), y can then be co r re l a t ed  with 
dose. 
7 can be found by gel-dose data. It has been 
shown by Charlesby, '   that  s + p  vs. i s  l i n e a r  for a 
random molecular  weight  d i s t r ibu t ion .  It has also been 
27 t h a t  a t  i n f i n i t e  d o s e ,  (r 3 o ) ,  s + , p  + 7 ,  shown , 
1 
1 
independent of the molecular weight d i s t r i b u t i o n .  
The index of the  spread  in  the molecular weight 
d l s t r ibu t ion  can  be found d i r ec t ly  from the var ious  
average molecular weights 
With y ( r )  known the molecular weight between crosslinks (M,) 
may be found a s  a func t ion  of dose by i t s  d e f i n i t i o n  
MO MO Mn(o) 
M = - -  - - 
y/Pn(o) Y 
2.3 Dimens ional   S tab i l i ty  - Annealing 
The anneal ing s tudy was inc luded  in  the  cur ren t  
program a s  a means of invest igat ing any dimensional  
s t a b i l i t y  problems  associated with the  memory. The term 
annealing'' has been used i n  this  in s t ance  s ince  it was I 1  
recognized that t he  i n i t i a l  s t a t e  ( i *e . ,  the  s t a t e  i n  which 
23 
the  ma te r i a l  was i r r a d i a t e d )  was not exactly recovered 
a f t e r  a memory cycle .  Hence, it was an t i c ipa t ed  tha t  an  
anneal ing s tep should proceed the i r radiat ion t o  c r e a t e  
a new i n i t i a l  s t a t e  t h a t  would be r e v e r s i b l e ,  
2.3.1 Shrinkage  Mechanism-Oriented C r y s t a l l i z a t i o n  and 
C o n t r a c t i l i t y  
In  the  absence  o f  tens ion  i t  i s  widely observed 
for c r y s t a l l i z a b l e  p o l y m e r s  t h a t  a x i a l l y  o r i e n t e d  c r y s t a l l i n e  
systems con t rac t  upon melting. The mechanism of t h i s  
con t r ac t ion  i s  based upon two equi l ibr ium s ta tes  def ined  by 
temperature and length .  The o r i e n t e d  c r y s t a l l i n e  s t a t e  a t  
temperatures lower than the c rys t a l l i ne  me l t ing  po in t  i s  o f  
la rge  length  as  de te rmined  by the long oriented extended 
cha in  length  o f  t he  polymer  molecules. The amorphous s t a t e  
determined by the temperature above the c rys t a l l i ne  me l t ing  
po in t  i s  of  smaller length-determined by the much smal le r  
extended chain length o f  the random coi led  cha ins .  
The macroscopic isotropic lengths above Tm 
( o r  the macroscopic amorphous l eng ths ,  a s  t hey  a re  sometimes 
ca l led)  can  be d i rec t ly  de te rmined  from the basic  molecular  
p r o p e r t i e s  o f  t h e   m a t e r i a l  3’9’18. The i so t rop ic   cha in  




o r  
v = t o t a l  number o f  cha ins  in  the  ne twork  s t ruc tu re  
= number o f  c r o s s l i n k  u n i t s  i n  the network 
s t r u c t u r e  
u~ = number o f  chains In a c ross -sec t ion  
Eo2 = mean square end t o  end d i s t ance  of an 
unconstrained chain 
<a>= l i n e a r   d i a l a t i o n   f a c t o r  
Eq. (12) can be put i n  a more use fu l  form by not ing  the 
following: 
i, volume of t he  system i s  constant  = V = 
where a = the  c ross -sec t iona l  a rea  of 
a polymer molecule 
ci ' aLR 
1 Mo ii. V = - - " = number of c r o s s l i n k  u n i t s  N M  
iii. qcv ( c ros s l ink ing  dens i ty  a t o  the number 
o f  c r o s s l i n k  u n i t s )  
S u b s t i t u t i n g  i.-iii. i n  e q u a t i o n  (12) one obtains 
r 
where Lo i s  the l eng th  o f  the specimen i n  the amorphous 
s t a t e  i n  the absence o f  c ros s l inks .  
Equation (13) has been experimentally demonstrated 
f o r  polyethylene; shrinkage o f  c ross l inked  mater ia l ,  
compared t o  the shrinkage of uncrosslinked material ,  can be 
25 
! 
reduced up t o  20 times. The above phenomena a r e  shown 
schematically below: 
or ien ted  amorphous 
polymer  heated to> polymer Lo < LI 
LI T > Tm LO 
Crosslinked 
or ien ted  isotropic 
heated to> polymer polymer LII LI 
T > Tm LII = Li LII ' Lo 
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3.0 EXPERIMENTAL PROGRAM 
The purpose o f  the experimental program was 
t o  i n v e s t i g a t e  the p r o p e r t i e s  of  po lye thylene  mater ia l  
which, based upon the  theo ry ,  a f f ec t  t he  memory and t o  
s e l e c t  a polyethylene mater ia l  with p r o p e r t i e s  which r e s u l t  
i n  a supe r io r  memory m a t e r i a l .  I n  a d d i t i o n ,  the supe r io r  
memory m a t e r i a l  t h a t  i s  se l ec t ed  i s  t o  have i t s  p r o p e r t i e s  
thoroughly   inves t iga ted .   Spec i f ica l ly ,   the   fo l lowing   a ims  
were i n  mind: 
1. Evaluate the p r o p e r t i e s  o f  polyethylene 
m a t e r i a l  which can optimize the memory f o r c e .  
2. Obtain a m a t e r i a l  which has good s t r e n g t h  for 
handling a t  ambient conditions.  
3. Obtain a m a t e r i a l  which can have 100% recovery 
and with manageable shrinkage. 
The above  inves t iga t ions  were t o  be done using 
only  commercially  obtainable  materials.  A t  the o u t s e t  
two problems  were  ncountered. (1) On commercially 
ava i l ab le  po lye thy lene ,  i n  e i ther  film o r  r e s i n  form, 
t h e r e  i s  very l i t t l e  da t a  ava i l ab le  on  t h e i r  p r o p e r t i e s  
from the  manufac turer .  In  fac t ,  the only  da ta  usua l ly  
a v a i l a b l e  from the s u p p l i e r  i s  the d e n s i t y  and melt index. 
(2 )  There i s  not  enough of  a v a r i e t y  o f  commercially 
ava i l ab le  po lye thy lene  ma te r i a l s  t o  lend themselves for 
def in i t i ve  pa rame t r i c  s tud ie s .  
T h e r e  a r e  e s s e n t i a l l y  two grades of polyethylene,  
h igh  dens i ty  (.95 - .97) and low d e n s i t y  (.91 - .94) 
m a t e r i a l s .  The high dens i ty  polye thylene  i s  manufactured 
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by a  low pressure  ( l e s s  than 500 p s i )  heterogeneous, 
cont inuous  ca ta ly t ic  process  o r  by a ba tch  so lu t ion  
d i spe r s ion   p rocess   a t   t empera tu res   o f  5 O o - 7 5 O C .  The high 
densi ty  polyethylene i s  e s s e n t i a l l y  made up of  l inear  
molecules   which  crystal l ize   rapidly t o  ca .  8595%. The 
low densi ty  polyethylene i s  manufactured by  a h i g h  
pressure (l5,000-45,000 p s i )  continuous  solution  polymer- 
i z a t i o n  p r o c e s s  a t  t e m p e r a t u r e s  o f  up t o  250%. using 
t r a c e s  o f  oxygen a s  t h e  c a t a l y s t .  The low densi ty   poly-  
e thylene i s  composed of  branched  molecules. The branching 
i s  mostly of' the  shor t  cha in  na ture  cons is t ing  of  e thylene  
and butylene s i d e  groups.  Because  of these s ide  groups 
t h e  branched polyethylene does not  crystal l ize  as  readi ly  
a s  t he  l i nea r  subs t ance ,  hav ing  a c r y s t a l l i n i t y  of 
approximately 50-60$. 
With densi ty  being the main cor re la t ing  parameter  
d i s t inguish ing  the  d i f fe ren t  types  of  po lye thylenes ,  i t  was 
d e c i d e d  t o  i n v e s t i g a t e  a number of low and high density 
mater ia ls .   Addi t ional ly ,   s ince  molecular  weight d i s t r i b u t i o n  
appeared t o  be t h e  most important property influencing 
cross l ink ing ,  i t  was decided t o  choose a number o f  ma te r i a l s  
wi th  varying MWD's. To t h i s  aim it  was necessary t o  f i r s t  
survey the polyethylene resin industry t o  determine what 
d i f f e ren t  po lye thy lene  r e s ins  were ava i lab le  tha t  could  be 
manufactured  into f i l m .  Twenty-five  resins were  screened 
f i r s t .  Ten were rejected  because  they were n o t  s u i t e d  f o r  
film-forming o r  becau.se o f  dup l i ca t ion .  It was then 
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necessary t o  c h a r a c t e r i z e  f i f t e e n  (15) d i f f e r e n t  films 
and r e s ins  se l ec t ed  t o  find those which were suitable and 
which had properties varied enough t o  be used t o  eva lua te  
t h e  e f f e c t  these p r o p e r t i e s  had  on c ros s l ink ing  and memory. 
3.1 I n i t i a l   Q u a l i f i c a t i o n s   T e s t s  
The f o l l o w i n g  i n i t i a l  p r o p e r t i e s  viere evaluated: 
number average molecular weight* (Mn), weight average 
molecular weight (Q) f o r  Mw/Mn, t h e  modulus o f  e l a s t i c i ty**  
a t  ambient  teKperature  in  the extrusion and t r ansve r se  
d i r e c t i o n s  (E//, E L )  and the dens i ty  *** ( p ) .  Addit ional ly ,  
o t h e r  f a c t o r s  r e l e v a n t  t o  the program, such as the a b i l i t y  
t o  extrude and the a v a i l a b i l i t y  of film i n  v a r i o u s  
thicknesses ,  were obtained from the  manufacturer.  The 
p rope r t i e s  of the films i n v e s t i g a t e d  i n  t h i s  i n i t i a l  s t u d y  
a r e  l i s t e d  i n  T a b l e  1. 
With the in i t i a l  eva lua t ion  comple t ed ,  t he  
following four materials were chosen: 
Gulf 5555 , low dens i ty  
DuPont Super C , low dens i ty  
P h i l l i p s  3328 , low dens i ty  
P h i l l i p s  6003 , high densi ty  
- * The i n i t i a l  number average and welght average 
molecular weights were measured by standard 
solut ion viscometr ic  techniques.  
** The modulus o f  e l a s t i c i t y  was determined by an 
I n s t r o n  t e n s i l e  t e s t  a c c o r d i n g  t o  the ASTM D-882 
t e s t  method. 
*** The dens i ty  va lues  were obtained from the  manufacturer. 
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Table 1 
B a s i c  P r o p e r t i e s  0. f I n i t i a l  P o l y e t h y l e n e  M a t e r i a l s  I n v e s t i g a t e d  
P h i l l i p s  6002 .960 14,000 171,000 12.2 69,000  92,000 127 
P h i l l i p s  6003 .g60 3s,ooo 1g5,ooo 6.5 82,000  85,000  130-131 
DuPont 7030 .955 13,000 105,oo 
0 Hercules 1900 .940-.942 - 3x10  52,000  59,000  13 -131 
P h i l l i p s  3328 .933 10,000 83,000 8,3 33,090  30,000 118 
Sea SDace PE 12 .931 16,000 103,000 6.4 21,000 24,000 115 
8 8.1 
DuPont Super c 
Rexal l  5735 
Gulf' 5555 
U.C. 0602 
DuPont Super S 
U.C. 4140 
US1 107 
P h i l l i p s  1712 
USI 301 
,926 30,000 










73 , 000 
102,000 
107,000 































The first two mate r i a l s  were chosen because 
of t h e i r  low (but d i f f e ren t )  mo lecu la r  we igh t  d i s t r ibu t ions .  
The t h i r d  m a t e r i a l  was chosen because it was of a dens i ty  
between the usual  high and low types and consequently 
may represent  a ma te r i a l  of a different degree of branching 
than the lower densi ty  mater ia ls .  The fou r th  ma te r i a l  was 
chosen since it was one of  t he  few high densi ty  mater ia ls  
tha t  could  be extruded in to  f i lm.  
3.2 Memory-Crosslinking Properties vs. the Basic 
Proper t ies  of  the Four  Nater ia ls  
In  o rde r  t o  determine the effects  the molecular  
propert ies  (of  the four  mater ia ls  chosen f o r  the  s tudy)  had 
on the crosslinking-memory properties,  the following were 
s tudied on t h e  m a t e r i a l s  a f t e r  c r o s s l i n k i n g :  
1. Gels - f o r  c ross l ink ing  ef f ic iency .  
2. Modulus of E l a s t i c i t y  above the Tm a t  14OoC.  - 
3 .  The' Memory - t o  a c t u a l l y  t e s t  t h e  memory e f f e c t .  
4. Shrinkage - t o  determine the dimens iona l .  
t o  measure the memory fo rce .  
s t a b i l i t y  of t he  memory mater ia l .  
The experimental  procedures and r e s u l t s  o f  the 
above. s t u d i e s  w i l l  be descr ibed  in  the  fo l lowing  sec t ions ,  
but  before  t h i s  i s  done a desc r ip t ion  of the product ion of 
the experimental ,  crossl inked mater ia ls  w i l l  be 'given. 
The ma te r i a l s  t o  be described were used throughout the 
e n t i r e  program. 
3.2.1 The Production o f  the  Experimental ,   Crosslinked 
Polyethylene Films 
3.2.1.1 The Production of the  Polyethylene Films 
Polyethylene films and shee t ing  in  th i cknesses  
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ranging from 0.85 t o  65 mils were used on the program. 
Most of the t h i n  gauge m a t e r i a l  ( 2  m i l  and below) was 
obtained  from the manufacturer. The production  procedures 
and type o f  f i l m  produced o f  t h e s e  m a t e r i a l s  a r e  l i s t e d  
in  Tab le  2 .  The t h i c k e r  films, 6-20 mils, which i n  g e n e r a l  
were not commercially available were produced i n  house by 
d i e  ex t rus ion .  A 3 heat ing zone table  model Brabender 
extruder (manufactured by the C.W. Brabender Co., Inc. ,  
South Hackensack, N.J.) with a L/D r a t i o  o f  20 and a 
screw of  1:2 compression rat io  was un i fo rmly  used  in  a l l  
ex t rus ions .  Take  up was done  on an  adapted blow f i l m  
take up device a t  room temperature. The extrusion  tempera- 
ture ,  screw RPM and take  up speed , depended on the  r e s in  
used and gauge desired, were determined experimentally. 
Because o f  take  up condi t ions and r e s i n  c h a r a c t e r i s t i c s  
the  shrinkage o f  the f i l m  varied from 2.75 i n .  t o  3.5 i n .  
from the  i n i t i a l  & - i n .  m e l t  t h a t  was extruded. 
3.2.1.2 The I r r a d i a t i o n   o f  the Polyethylene Films 
Most of t h e  i r r a d i a t i o n  work, t o  c ros s l ink  the  
polyethylene film, was done  on a 1.5 MeV e lec t ron  acce le ra to r .  
Due t o  t h e  f a c t  t h a t  ( a )  e l ec t rons  a re  con t inu -  
ous ly  los ing  energy  by i n t e r a c t i n g  wi th  the  mat te r  it 
passes through and ( b )  the high momentum electrons (such 
as  those  tha t  have  jus t  en te red  a mater ia l )  have much l e s s  
of  a tendency o f  back-sca t te r ing ,  the  ion iza t ion  o r  dose 
r e l a t i o n s h i p s  w i t h  th ickness  i s  non-uniform, being 60% of  
maximum on the sur face  and inc reas ing  to a maximum within 
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Table  2 
W 
W 
P r o c e s s i n g  P r o p e r t i e s  o f  t he  F i lms  Used i n  t h e  Program 
Gauges-Nominal 
Film (mils) P r o c e s s  P r o p e r t i e s  
Gulf 5555 
DuPont Super C 
P h i l l i p s  3328 
P h i l l i p s  6003 
U.So1 .  NA 
1.0 














Blown (Commercial)  Biaxia 11s o r i e n t e d  
Brabender  Extrusion 
Brabender  Extrusion 
Brabender  Extrusion 
Pressed 
Brabender  Extrusion 
Die Extruded  (Commercial) 
Brabender  Extrusion 
Brabender  Extrusion 
Pressed 
Uniaxia  l i y  
U n i a x i a l l y  
U n i a x i a l l y  
I s o t r o p i c  
U n i a x i a l l y  
U n i a x i a l l y  
Uniaxfa l l y  
U n i a x i a l l y  
I s o t r o p i c  
o r i e n t e d  
o r i e n t e d  





C a s t   L i g h t l y   o r i e n t e d  
Q 
t he   ma te r i a l .  An experimental   dose-depth  re la t ionship 
i s  shown i n  F i g u r e  6 f o r  1.5 MeV e l e c t r o n s  i n t e r a c t i n g  
w i t h  polyethylene.  The dose -dep th  r e l a t ionsh ip  in  the  
f igure does not  show a maximum, s ince  the  dep ths  s tudied 
were  not  suf f ic ien t  enough to  cause  a ne t  l o s s  of energy 
by slowing down the e l ec t rons .  Due t o  t he  non-uniformity 
of dose wi th  depth, samples or bundles of samples were 
i r r a d i a t e d  i n  t o t a l  t h i c k n e s s  o f  less than ca. 75 mils 
and the bundle was f l ipped over  from back t o  f r o n t  f o r  
ha l f  o f  the  run  to  obta in  a un i form to ta l  dose  wi th in  the  
samples a t  t h e  end  of  the  run. To avoid  heat  build-up 
during the run,  samples  were i r radiated in  a number o f  
d i s c r e t e  steps of  approximately 5 Mrads p e r  step.  The 
temperature   range  for  t h e  i r r a d i a t i o n  was 800f15O~.  To 
minimize the degrading  ef fec t  o f  oxygen the  sample i r r a d i -  
a t i o n s  were carr ied out  in  sealed polyethylene bags which 
were  purged with ni t rogen.  The dose was measured  spectro- 
photometr ical ly  by use of blue-dyed cellophane dosimeters, 
with the color change measured on a Beckman spectrophoto- 
meter. The ove ra l l  e r ro r  i n  measu r ing  the  to t a l  dose  i s  
estimated t o  be within *8$. 
3.2.2. Gel  vs. Dose Study 
One o f  t h e  most e f f e c t i v e  methods of determining 
the e f f i c i e n c y  of c ros s l ink ing  i s  by means of  ex t rac t ion .  
The low molecular  weight ,  uncrossl inked,  f ract ions in  the 
i r rad ia ted  polye thylene  film samples were e x t r a c t e d  i n  
xylene a t  118Of3OC. f o r  60 hours. The ant ioxidant ,   n-beta-  
phenylnaphthylamine was added t o  the so lvent  t o  r e t a r d  
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Figure 6 EXPERIMENTAL  DOSE-DEPTH RELATIONSHIP FOR 1 .5  MeV ELECTRONS 







" " -+ 
I I I 
30 40 50 60 70 80 I 
TOTAL FILM THICKNESS (Mils) 
oxida t ion  o f  the polyethylene  during the ex t r ac t ion .  I n  
addi t ion ,  the  so lvent  was changed a t  t h e  2 4 t h  and 48th hour 
t o  i n s u r e  e f f i c i e n t  e x t r a c t i o n .  The percent  ge l  g iven  by 
weight o f  m a t e r i a l  a f t e r  e x t r a c t i o n  ' = or ig ina l   weight   o f  mater ia l  
was determined  for  each  sample a t  varying  doses. A gel  dose 
curve  for  each  mater ia l  was p lo t t ed  in  F igu re  7 and according 
t o  the  c ross l ink ing  ex t rac t ion  theory  of  Sec t ion  2.2.3 a 
1 1 
s + ST vs. r curve was p lo t t ed  in  F igu re  8. The more -
e f f i c i en t  c ros s l ink ing  cond i t ion  i s  ind ica ted  by a higher 
p l a t eau  l eve l  and more rap id  increase  o f  ge l  w i t h  dose.  
From Figures 7 and 8 it can be seen that the ma te r i a l s  
c r o s s l i n k  i n  the following order:  
1. 5555 
2. Super C 
3 .  3328 
4. 6003 
3.2.3 Modulus o f  E l a s t i c i t y  Above the  Crys t a l l i ne  
Melt  Point vs.  Dose 
The modulus of e l a s t i c i t y  above the crystal l ine 
melt po in t  was de te rmined  in  order  to  charac te r ize  the 
memory forces .   For  a crosslinked  polymer,  above i t s  
c r y s t a l l i n e  melt po in t ,  the modulus o f  e l a s t i c i t y  I s  a 
d i rec t  measure o f  t he  c ros s l ink ,  rubbe r  e l a s t i c ,  fo rces  
have  been  described i n  S e c t i o n  2.1. The modulus  can be 
looked upon a s  a spring constant which can restore a 
deformed m a t e r i a l  t o  i t s  or ig ina l   shape ,  A temperature  of 
140°k20C. has been used on hot modulus determinations 
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polyethylene.  All the moduli were  measured  on  an Ins t ron  
t e n s i l e  t e s t e r  a t  a 0.2 in , /min .  s t r a in  r a t e .  The saxple 
s i z e s  were 1 i n ,  x 1 in." The moduli  determined for the 
ma te r i a l s  unde r  inves t iga t ion  a re  p re sen ted  in  F igu re  9 
where it can be seen t h a t  the order  of  rnemory fo rce  i s  a s  
f ol_lovrs : 
P h i l l i p s  6003 
Gulf 5555 
P h i l l i p s  3328 
DuPont Super C 
3.2.4 Memory vs. Dose Study 
The memory experimeats on t h i s  project  involved 
the  de te rmina t ion  of the  res tora t ion  behavior  o f  deformed 
polymer specimens o f  various doses and thicknesses .  
Specimens were defamed by bending and then folded t o  the  
desired angle  of deformation (always less  than 5 O ) .  The 
folded specimens were 'then heated wi th  t h e  f o l d  k e p t  i n  
place by weights. The specimens  were  then  cooled  (quenched) 
t o  "freeze" them i n t o  t h e i r  deformed shape. A schematic 
diagram of  the folding procedure i s  shown as  follows: 
6"il copper 
Weight 3 - 1 cm. 
1 - 2 cm. heated,  folded Fina 1 Sample 
specimen - * I n  a l imi ted  number of cases the standard sample length 
of 5 i n .  was t e s t e d .  I n  g e n e r a l  i t  was found t h a t  t h e r e  
was a l e s s  t h a n  5% d i f f e rence  so the  more convenient 



















The long arm of the sample i s  then  p l aced  in  a wrinkle 
recovery tes te r  described i n   t h e  ASTM D 1295-60 t e s t  
method and shown i n  F i g u r e s  10 and 11. The smal le r  arm 
o f  the nea r ly  180° deformed  sample i s  l e f t  f ree  t o  r e s t o r e  
and it i s  always kept  in  a v e r t i c a l  p o s i t i o n  t o  negate  
g rav i t a t iona l  e f f ec t s  du r ing  r ecove ry .  T h i s  i s  shown i n  
Figure 10. S ince   the  t e s t  i s  conducted  above  ambient the 
wr inkle  recovery  tes te r  appara tus  i s  i n  a n  oven. The oven 
i s  then heated in  the temperature  range of  135°f30C:-a range 
above the Tm of  a l l  m a t e r i a l s  s t u d i e d  ( s e e  T a b l e  1). Once 
heating has begun, recovery i s  observed and reaches a 
maximum a f t e r  t h e  sample i s  above its c r y s t a l l i n e  melt po in t .  
The r e s t o r a t i o n  was reported a s  percent  recovery as  fol lows:  
percent  recovery = f l n a l  a n g l e  - i n i t i a l  a n g l e  
180° - i n i t i a l  a n g l e  
Samples o f  thicknesses ranging from 1 t o  22 mils 
and doses ranging from 11 t o  85 Mrads were t e s t e d  f o r  
memory.  The varying  thicknesses  were  used  since the  
r e s t o r i n g  moment of  the memory fo rce  i s  thickness dependent- 
s ince  the  o u t e r  r a d i u s  o f  a thick folded sample w i l l  be i n  a 
g r e a t e r  s t a t e  o f  s t r a i n  t h a n  a t h i n  o n e ,  The varying doses 
were used s ince  d i f f e ren t  doses  y ie ld  d i f f e ren t  deg rees  of 
c ros s l ink ing  which consequently y ie ld  d i f f e r e n t  amounts o f  
sp r ing  t o  the ma te r i a l s .  
The r e s u l t s  o f  the memory tests a re  p re sen ted  in  
Table 3 where i t  i s  seen  tha t  the  mater ia l s  under  s tudy  




Figure 10. WRINKLE RECOVERY, "MEMORY", TESTING APPP.RATUS -
SCHEMATIC 




Memory vs. Dose with Thickness a s  a Parameter 
f o r  the Materials under Study 
PER-CENT RECOVERY 
Dose Thickness (mils) 
Material dMrads ) 1.5 7 14 22 
Gulf 5555 
Super C 







21 100 100 100 100 
. 32 100 100 100 
54 100 100 100 
58 100 100 
85 100 100 100 100 
Thickness (mils) 
1.25 7 14 22 
12 73 
21 100 96 100 100 
32 90 100 100 100 




1 7 14 22 
21 96 100 100 LOO 
32 91  100 100 100 
54 100 100 100 100 
Thickness (mils) 
1.5 
USI NA 107 11 96 
21 100 
32 100 
54 . 100 
85 100 
Thickness (mils) 
1 6 12.5 22 
P h i l l i p s  11 95*  98* loo* loo* 
6003 21 loo* 95* 88% 85* 
32 97 98 100 loo* 
54 100 83* 100 loo* 
85 io0 849 1.00 100 
* Completely recovered when  removed from oven, but severe 
warps and creases.  
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USI NA 107 
Gulf  5555 
DuPont Super C 
P h i l l i p s  3328 
P h i l l i p s  6003 
The r o l e  the US1 NA lo7 film had i n  this evaluat ion 
i n  conjunction with dimensional  s tabi l i ty  problems w i l l  
p r e sen t ly  be discussed. It was found f o r  ce r t a in  ma te r i a l s ,  
namely 6003, t h a t  some in t e r f e rence  t o  the memory phenomenon 
was occurring. The interference  observed was a loss i n  
d imens iona l  s t ab i l i t y  du r ing  a memory t e s t .  The loss  i n  
d imens iona l  s t ab i l i t y  was due to  extrusion induced al ignments  
o f  the long chain molecules in the polyethylene f i l m .  When 
the  f i l m  i s  heated these chains have a tendency  to  re lax ,  
even wi th  c r o s s l i n k i n g ,  r e s u l t i n g  i n  some shrinkage i n  the  
ex t rus ion  d i rec t ion  and some expansion in  the t ransverse 
d i r ec t ion .  This phenomenon r e su l t ed  in  the  wr ink l ing  of' 
some samples when the  memory t e s t  was performed. This ,  
i n  t u r n ,  r e s u l t e d  i n  d i f f i c u l t y  i n  d e t e r m i n i n g  t h e  f i n a l  
restoration angle (see schematic diagram below) and tended 
t o  give low r e s u l t s  on some samples. 
T h i s  i n t e r f e rence  was most pronounced i n  6003, 
less n o t i c e a b l e  i n  3328, much less  apparent  in  Super  C 
and 5555, and v i r t u a l l y  n o n - e x i s t e n t  i n  NA 107. It i s  
bel ieved that  these observat ions can be explained in  terms 
of  extrusion  induced  alignments.  Both  6003 and 3328, a s  
can be seen by t h e i r  d e n s i t i e s  and moduli of e l a s t i c i t y  
( a t  ambient temperature),  are highly a l igned  mater ia l s ,  
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On t h e  o the r  hand, t he  o t h e r  three m a t e r i a l s  a r e  less 
aligned with NA 107, a c a s t  film, being relat ively unal igned.  
Th i s  was the f i r s t  time dimensional  s tabi l i ty  problems 
occurred upon the implementation of  a memory cycle.  This  
problem,  and the theory of "Dimensional S t a b i l i t y  - Annealing" 
d iscussed  in  Sec t ion  2.3, l e d  t o  the idea of using an 
annealed mater ia l  or  an unoriented m a t e r i a l  a t  the s t a r t  
of a memory cycle.  These shrinkage - d imens iona l  s t ab i l i t y  
problems and r e s u l t s  a r e  discussed i n  the following section. 
Memory Measured r e s t o r a t i o n  
Test  '\ angle - '\ 
c < " 
angle ,  180° 
a)  Ext rus ion  induced  in te r fe rence  with memory phenomenon 
Memory 
Test - 180' 
c 0 
b )  Demonstration of memory with n o  i n t e r f e rence  
DISTORTIONS OF SAMPLE DURING AND AFTER RECOVERY DUE TO 
EXTRUSION INDUCED ALIGNMENTS 
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3.2.5 Shrinkage  vs.   Orientation Study 
With the observation from the  memory s tudy  tha t  
film w i t h  t he  l ea s t  o r i en ta t ion  has  the  best dimensional 
s t a b i l i t y  when taken above i t s  c rys t a l l i ne  me l t  po in t ,  a 
number of more formal experiments were performed to test 
t h i s  hypothesis.  Shrinkage tes t s  were  performed on  two 
m a t e r i a l s  a t  d i f f e r e n t  d o s e s  (11 t o  200 Mrads). The two 
materlals chosen were the Gulf 5555 (1.5 m i l )  and t h e  
U.S . I .  NA 107 (1.0 m i l ) .  The o the r  three films were  not 
considered here because the DuPont Super C i s  much l i k e  
the  Gulf  5555  and t h e  P h i l l i p s  6003 and 3328 tended t o  
shrink t o  a la rge   degree .   Ci rc les  of  2-7/8 in .   d iameter  
of t h e  film mate r i a l s  were heated t o  14OoC. i n  a n  
unrestrained  condi t ion.  They were  then  cooled t o  room 
temperature and the i r  d imens ions  were measured i n  t h e  
ex t rus ion  and t r ansve r se   d i r ec t ions .  The r e s u l t s  a r e  
presented  in  Table  4 .  It was found i n  g e n e r a l  t h a t  t h e  
c i r c l e s  became e l l i p s e s  w i t h  minor axes i n  t h e  d i r e c t i o n  
o f  ex t rus ion  ( f rom shr inkage  in  the  ex t rus ion  d i rec t ion) .  
It can be seen from Table 4 t h a t  t h e  most shrinkage occurred 
on t h e  ma te r i a l s  w i t h  h ighes t  o r i en ta t ion  and lowest doses. 
T h i s  i s  d i r e c t l y  i n  a c c o r d  w i t h  theory where or ien ted  
polymer molecules w i l l  tend t o  r e t u r n  t o  a more random c o i l -  
w i t h  consequently more shrinkage.  Counteracting t h i s  i s  the 
e f f e c t  o f  crossl inkages- the more crossl inkages the more the  
o r i e n t a t i o n  w i l l  be preserved. It has  been  found l7 t h a t  
o r i e n t a t i o n  i s  the  more predominant  effect .  
Table 4 
Dimensional S t a b i l i t y  o f  Films of Different Orientation 
upon Completion of a Memory C p l e  
GULF 5555 NA 107 
% Change % Change 
Dose Extrusion Transverse Extrusion Transverse 
(Mrads) Direction* Direction** Direction* Direction** 
11 -40 +14 
21 -22 +13 
32 - 17 +10 
54 - 12 + 10 
85 -6 +9 






* Minor ax i s  o f  e l l i p s e  
** Major ax i s  of e l l i p s e  
Further  s tudies  were conducted on the dimensional 
s t a b i l i t y  of extruded and pressed Gulf 5555 film. Two 
approaches were t r i e d :  (1) Producing a s t ress  f ree  unoriented 
mater ia l  by pressing; (2)  Annealing the crosslinked oriented 
film to  ob ta in  a mater ia l  tha t  will have dimensional s t a b i l i t y  
while being employed i n  a memory cycle. The r e s u l t s  of 
these  s tud ies  a re  as  follows. 
Pressing - It has been demonstrated that 2-3 m i l  
pressed f i l m  in doses upward o f  11 Mrads maintains complete 
dimensional s t a b i l i t y  when annealed to 14OoC. On the other  
hand, as  has  been shown i n  Table 4, the 1.5 m i l  extruded 
film exhibits major dimensional changes when annealed t o  
l 4 O o C .  With increased dose, it can be seen from Table 4 
tha t  these  changes decrease, but even with a dose of 
200 Mrads there  i s  a clearly observable dimensional change. 
Once the film i s  annealed it maintains i t s  original annealed 
configuration upon. subsequent heating. 
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Annealing - Once a f i l m  with a dose o f  above 
11 Mrads i s  annealed, i t  maintains i t s  or iginal  annealed 
configurat ion upon subsequent  heating.  Wrinkling and 
creasing has been a problem on film i r r a d i a t e d  below 
85 Mrads, when it i s  annealed  unrestrained. It has  been 
found t h a t  s l i g h t l y  r e s t r a in ing  the  f i l m  by p lac ing  a t h i n  
p la te  over  it during the anneal ing el iminates  these 
d i s t o r t i o n s .  When r e s t r a i n e d  i n  th i s  manner it i s  necessary 
t o  anneal the f i l m  again,   but   unrestrained.  This  second 
unrestrained annealing produces few d i s t o r t i o n s  ( o n l y  
a t t r i b u t e d  t o  s l i gh t  s t i c k i n g  t o  p l a t e )  i n  the fi lm and 
allows the f i l m  t o  assume i t s  f i n a l  s t a t e .  An a l t e r n a t i v e  
procedure i s  t o  anneal the crosslLnked Pi lm unrestrained 
and then reannealing i t  while r e s t r a ined  on a cy l inder ,  
being held i n  p l a c e  by wrapping teflon f i l m  around it. 
It i s  found t h a t  a f t e r  t h e  l a s t  a n n e a l i n g  the  film has 
acceptab le  d imens iona l  s tab i l i ty .  
3.2.6 Discussion  fExperimental Resul ts  
3.2.6.1 Gels 
A s  d i scussed  in  Sec t ion  2.2.2 the  main f a c t o r s  
tha t  a f fec t  the  e f f ic iency  of  c ross l ink ing  are  molecular  
weight and molecular  weight  dis t r ibut ion.  Based  on g e l  
fraction measurements,  i t  has been shown i n  the previous 
sec t ion ,  t ha t  the mater ia ls  under  s tudy crossl inked in  the 
following order:  
Gulf 5555 
DuPont Super C 
P h i l l i p s  3328 
P h i l l i p s  6003 
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This  can  a l so  be seen from the M,-dose curves 
fo r  t hese  ma te r i a l s  p lo t t ed  in  F igu re  12 according t o  
equation (11) of  the   theory .   In   o rder   to   conc lus ive ly  
show t h a t  i t  i s  in  fac t  molecular  weight  and molecular 
w e i g h t  d i s t r i b u t i o n  t h a t  a f f e c t s  the e f f i c i e n c y  of  cross-  
l ink ing ,  the ac tua l  molecular  weight  d i s t r ibu t ions  
(ca lcu la ted  as log molecular  weight  d i s t r ibu t ions)  were 
determined by Gel Permeation Chromatography (GPC) techniques 
(which are  discussed in  Appendix I ) .  The log molecular 
we igh t  d i s t r ibu t ions  f o r  the  four  mater ia l s  under  s tudy  are  
presented  in  F igure  13, with their  average molecular  weights  
l i s ted  in   Table  5. In   add i t ion ,   i n f r a red   spec t r a  were 
determined on the films under s t u d y  to  de te rmine  i f  t he re  
a r e  d i f f e r e n c e s  i n  t h e  number of shor t  cha in  branches  for  
t h e  d i f f e r e n t  m a t e r i a l s  - s ince  sho r t  cha in  b ranch ing  a l so  
a f f ec t s  t he  c ros s l ink ing  p rope r t i e s  by being a degrading 
inf luence.  It was found t h a t  f o r  t he  low dens i ty  ma te r i a l s  
t h e i r  I - R  spec t ra  were nea r ly  iden t i ca l ,  t he reby  ind ica t ing  
no chemical  differences.  The h igh  dens i ty  mater ia l  be ing  
made of l inear  molecules  has  no branching. With t h e  e f f e c t  
o f  branching  v i r tua l ly  e l imina ted ,  it i s  then  seen  tha t  
molecular  weight  dis t r ibut ion does,  indeed,  play a major 
r o l e  i n  t h e  e f f i c i e n c y  of  c ross l ink ing .  A s  can  be  seen 
from the  MWD curves the Gulf 5555 which c ross l inks  best  
does  have the narrowest MWD. It i s  a d d i t i o n a l l y  s e e n  t h a t  
t h e  P h i l l i p s  6003 film which i s  a l i n e a r  polymer and does 
not have t h e  adverse  e f fec ts  o f  branching, but does have 
the  widest MWD, cross l inks  the  l e a s t  e f f i c i e n t l y .  
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Figure 12 MOLECULAR WEIGHT  BETWEEN CROSSLINKS (Mc)  VS. DOSE FOR THE 







Figure 13 LOG  MOLECULAR  WEIGHT  DISTRIBUTIONS OF THE  POLYETHYLENES  UNDER  STUDY 
0 5555 








Summary of Molecular Weights and D i s t r i b u t i o n s  f o r  V a r i o u s  Test Methods 
P h i l l i p s  3328 10 83 8.3 13.4 55 4.1 
P h i l l i p s  6003 30* 195* 6.5 8.5 113 13.3 
*Data obtained from manufacturer 
3.2.6.2 Modulus of  E l a s t i c i t y  
As has been shown i n  S e c t i o n  2.1 of t he  theory 
the modulus above the Tm i s  dependent on the c ross l ink ing  
dens i ty  ( M c ) ,  t h e  o r i e n t a t i o n  <a>, the average molecular 
weight and the  ntanglement   factor  e;. 
It i s  seen from Figure 9 o f  Sect ion 3.2.3 that  
t h e  modulus increases  2 t  a given dose according t o  c ross -  
l i n k i n g  e f f i c i e n c y  with one exception, the P h i l l i p s  6003 
mater ia l  has  a higher  modulus than the o t h e r s  d e s p i t e  the  
f a c t  t h a t  it has  the  poores t  c ross l ink ing  ef f ic iency .  This  
i s  most l i k e l y  due t o  the f a c t  t h a t  it i s  the most oriented 
of a l l  t he  ma te r i a l s  unde r  s tudy  (g iv ing  it a higher <a>). 
Furthermore,  the Phi l l ips  6003 f i l m  conta ins  a l a r g e  
fract ion of  high molecular  weight  molecules  (viz . ,  i t s  
high MI, compared t o  the  o thers )  a l lowing  it t o  more 
eas i ly  obta in  en tanglement  c ross l inks  g iv ing  i t  a higher g 
than the o the r s .  
3.2.6.3 Memory 
D e s p i t e  t h e  f a c t  t h a t  t h e  "memory" f o r c e  o f  the 
P h i l l i p s  6003 i s  higher than t h e  o t h e r s  i t  cannot be con- 
s idered t o  be the mater ia l  possess ing  the  best memory 
p rope r t i e s .  This i s  so s ince  the ma te r i a l  i s  of high 
o r i e n t a t i o n  and tends t o  sever ly  shr ink ,  warp and wrinkle 
when heated above i t s  Tm, and cannot be returned t o  i t s  
or ig ina l   shape .  The o t h e r  t h r e e  films, a l l  low dens i ty  
materials produced with approximately the same degree of 
or ientat ion,  consequent ly  had t h e i r  memories determined 
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by t h e i r  crossl inking propert ies  a lone;  hence the order  
o f  e f f i c i e n c y  o f  r e s t o r a t i o n  f o r  the films under study 
was found t o  be: 
Gulf 5555 
DuPont Super C 
P h i l l i p s  3328 
P h i l l i p s  6003 
3.2.6.4 Dimens ional   S tab i l i ty  
It i s  seen  tha t  d imens iona l  s t ab i l i t y  i s  d i r e c t l y  
dependent on the o r i e n t a t i o n  t h a t  t h e  f i l m  has when it i s  
crossl inked.  It has  been  experimentally  found  that  the 
resul t ing dimensional  change from t h i s  o r i e n t a t i o n  may be 
removed by two methcds-(1) using a non-oriented mater ia l  
( such   as  pressed f i l m )  o r  (2)  annea l ing .   In  summary, the 
fo l lowing  r e su l t s  have been obtained in  obse rv ing  the 
dimensional changes in going through a memory cycle .  
Pressed f i l m :  no  change 
Extruded f i l m  (annealed):  no change 
Cast f i l m :  4-20$ 
Extruded f i l m :  6-40$ 
The p resen t  e luc ida t ion  of  the shr inkage mechanism 
(Sect ion 2.3.1) and the experiments described make it  
poss ib le  t o  c o n t r o l  d i m e n s i o n a l  s t a b i l i t y  i n  two ways. 
The f i r s t  method recommends using non-oriented mater ia ls  
e l imina t ing   shr inkage   en t i re ly .  This  method i s  p a r t i c u l a r l y  
u s e f u l  f o r  molded, pressed and c a s t  po lye thylene  objec ts .  
The o the r  method recognizes  tha t  the i n i t i a l  s t a t e  b e f o r e  
the f irst  memory cycle i s  no t  a c rys t a l l i ne  equ i l ib r ium 
s t a t e  and consequently recommends an annealing s tep t o  
c r e a t e  a c r y s t a l l i n e  e q u i l i b r i u m  s t a t e  f o r  a l l  memory cycles  
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t o  follow. This  method o f  dimension control i s  use fu l  
f o r  polyethylene objects produced by a l l  methods 
inc luding  ex t rus ion .  
i '  
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4.0 DETAILED EVALUATION OF FINAL MATERIAL 
With the evaluat ion of  the impor tan t  fac tors  
tha t  de te rmine  the  memory, the s e l e c t i o n  of Gulf 5555 
was made. The Gulf 5555 ma te r i a l  was then s tudied 
i n  f u r t h e r  d e t a i l .  A detai led examinat ion o f  the mechanical 
and memory p r o p e r t i e s  was undertaken along with a number Of 
envi ronmenta l  t es t s .  
4.1 Mechanical Properties of Gulf 5555 Polyethylene 
Film 
The following mechanical properties of Gulf 5555 
were determined: 
S t r e s s - s t r a in  cu rve  - for  uncross l inked  mater ia l  
S t ress -s t ra in  curve  - fo r  ma te r i a l  c ros s l inked  t a  
The modulus o f  e l a s t i c i t y  v s .  d o s e  w i t h  th ickness  
The modulus of e l a s t i c i ty  vs .  t empera tu re  w i t h  dose 
a t  ambient temperature. 
90 Mrads a t  140°C. 
a s  a parameter a t  1 4 0 O C .  
a s  a parameter above l l O ° C .  
4.1.1 St re s s -S t r a in  Curve f o r  Uncrosslinked  Material  
a t  Ambient Temperature 
The s t r e s s - s t r a i n  ( a  - e )  curve  for  the  1.5 m i l  
Gulf 5555 uncrosslinked f i l m  was determined four t imes 
each  in  t h e  ex t rus ion  and t r a n s v e r s e  d i r e c t i o n s  a t  
ambient  temperature  using the s tandard Instron tensi le  
t e s t  (ASTM D 882). The r e s u l t  i s  presented  in  F igure  14. 
It should be noted that the uncrosslinked fi lm was used 
s ince  it has been found that the  t e n s i l e  s t r e n g t h  w e l l  
below the T does not  s ignif icant ly  change w i t h  dose  due 
t o  the f a c t  t h a t  t h e  c r y s t a l l i n e  r e s t r a i n t s  i n  t h e  m a t e r i a l  
m 
a r e  f a r  more numerous than t h e  c r o s s l i n k  r e s t r a i n t s .  
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' Figure 11+ STRESS-STRAIN  CURVES  FOR  UNCROSSLINKED  GULF 5555 
1.5 MIL POLYETHYLENE FILM AT AMBIENT TEMPERATURE 
.. . 
4.1.2 S t r e s s -S t r a in  Curve for  Cross l inked  Mater ia l  
a t  140OC. 
The CT - 8 curve  for  the  1.5 m i l  Gulf  5555 
mater ia l  c ross l inked  t o  90 Mrads was determined three t imes 
a t  140°C. aga in   us ing   s tandard   t ens i le  t e s t  methods. The 
r e s u l t s  a r e  shown In Figure 15. The 90 Mrad l e v e l  was 
chosen t o  be a r ep resen ta t ive  ma te r i a l  s ince  i t  was the  
mid range dose used i n  the s tudy  and it was the lowest dose 
tha t  he lped  t o  minimize shrinkage. 
4.1.3  Modulus-Thickness  Evaluation a t  14.0°C. 
The modulus o f  e l a s t i c i t y  ( i n  the ex t rus ion  
d i r e c t i o n * )  a t  140°C. o f  the Gulf 5555 f i l m  has been 
determined as a functioi? of dose w i t h  t h i ckness  a s  a 
parameter. The dose was i n  +,he range o f  0 t o  300 Mrads; 
while the thicknesses used were 1.5, 7 ,  14 and 25 mils 
( a l l  nominal  values).  It was found  (see  Figure 16) t h a t  
the modulus I n c r e a s e d  e s s e n t i a l l y  l i n e a r l y  ( e x c e p t  f o r  t h e  
1.5 m i l  ma te r i a l )  with dose fo r  t he  th i cknesses  inves t iga t ed .  
Addi t iona l ly ,  a t  any  cons tan t  dose ,  the  modulus was g r e a t e r  
the  l a r g e r  t h e  t h i c k n e s s .  I n  g e n e r a l ,  the  e f f e c t  o f  
th ickness  i s  small  only increasing ca.  10% every 7 mils. 
For  ordinary mater ia ls  the modulus of e l a s t i c i t y  
usual ly  does not  vary with the thickness  of  the sample 
measured.  For t h e  case of  polyethylene f i l m  i t  may vary 
_L_ *The t r ansve r se  d i r ec t ion  was not  invest igated Since the 
d i f f e r e n c e  i n  modulus  above the  T was found t o  be less 
than 5%. Only t h e  1.5 m i l  f i l m  sFowed la rge  an iso t ropy  
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Figure 15 STRESS-STRAIN CURVES FOR CROSSLINKED GULF 5555 1.5 MIL POLYETHYLENE 
FILM AT 1400C. 
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due t o  the d i f fe ren t  condi t ions  of process ing  d i f fe ren t  
thickness  films. This would be r e f l ec t ed  in  the  equa t ion  
r e l a t i n g  the modulus t o  the molecular  propert ies  of the 
mater ia l  - Eq. ($) on  page 8. I n  Eq. (1) <a>, the l i n e a r  
d i a l a t i o n  f a c t o r ,  r e f l e c t s  t h e  e f f e c t  o f  processing on the 
ma te r i a l  and as  d iscussed  in  Sec t ion  2.1 i t  may vary with 
processing. 
Another possible cause of  the i n c r e a s e  i n  modulus 
with thickness  a t  constant  dose i s  from thermal and 
degrada t ion .  e f fec ts .  Cross l ink ing  ef f ic iency  ( f o r  poly- 
ethylene) has been shown t o  increeae with temperature 
i n  Section 2.1. Consequently, the thicker  specimens  which 
will more r e a d i l y  r e t a i n  h e a t  mag have crosslinked more 
e f f i c i e n t l y  a t  the same dose  leve l ,  
The most  probable  cause o f  t h i s  drop i n  modulus, . . 
however, i s  a s  follows. It has  been shown t h a t  the  presence 
o f  oxygen du r ing  i r r ad ia t ion*  lnc reases  with s c i s s i o n  t o  
c r o s s l i n k i n g  r a t i o  (2 ). The i n c r e a s e  i n  s c i s s i o n  is  due 
t o  oxygen d i f f u s i n g  i n t o  the f f l m . d u r i n g  i r r a d i a t i o n .  T h i s  
d i f f u s i o n a l  e f f e c t  i s  thickness dependent - being more 
pronounced f o r  t h i n  films. Consequently, t h e  lower modulus 
q0 
I 
of the th inne r  films may be re f lec t ing  the  increased  
sc i ss ion  due  t o  the  oxygen d i f fus ing  in to  the  film during 
i r r a d i a t i o n .  This  may well be the case s ince the 1.5 m i l  
- * A l l  specimens i r radiated during the program were done i n  
an atmosphere purged with n i t rogen  t o  reduce the oxygen 
content .  
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f i l m  wi th  the h ighes t  sur face  t o  volume r a t i o  i s  found 
t o  be weakest. This  would lower the number of c ros s l inks ,  
hence, lower the p o s i t i v e  e f f e c t  o f  dose on the th inne r  
films. 
It should be po in ted  ou t  t ha t  t hose  l i nea r  
modulus curves which were obtained are expected from 
theory. Mc, the molecular  weight  between  crosslinks I s  
given  by Eq. ( 3 ) .  It i s  a d d i t i o n a l l y  known t h a t  the 
c ross l ink  densa ty  q i s  d i r e c t l y  p r o p o r t i o n a l  to the  
radiat ion  dose!  ( r ) ,  Eq. ( 2 ) .  If equat ions   (2)  and (3) a r e  
s u b s t i t u t e d  i n t o  Eq. (l), the  fol lowing l inear  expression 
r e l a t i n g  modulus t o  dose i s  obtained. 
Furthermore, it i s  seen  from Eq. (14) t h a t  there i s  a 
threshold  dose  equal t o  - Mo t h a t  must be exceeded  before 
qoMn 
s u f f i c i e n t  c r o s s l i n k i n g  t a k e s  p l a c e  t o  ob ta in  a crossl inked 
matr ix  t o  give the polymer enough mechanical integrity t o  
yield  an  observable  modulus.  This ,  t o o ,  i s  experimentally 
observed where i t  i s  seen  in  F igure  16 t h a t  t h e  modulus i s  
0 up t o  a dose of ca. 8 Mrads. 
4.1.4 Modulus-Temperature  Study 
The modulus o f  e l a s t i c i t y  of 1.5 m i l  Gulf 5555 
f i l m  was measured through t h e  temperature range -7OOC. t o  
175OC. Below t h e  Tm the  polye thylene  behaves  essent ia l ly  
the same way a s  any ordinary semicrystal l ine polymeric  
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material .   Non-crosslinked  polyethylene was used here 
s ince  the crystall ine forces overwhelmingly predominate 
t h e  c ross l ink  forces  below the  Tm - consequently rendering 
t h e  t e n s i l e  of any level  of c ros s l inked  ma te r i a l  e s sen t i a l ly  
the  same as   non-crossl inked  mater ia l .  The modulus 
above the  Tm should  theore t ica l ly  vary  wi th  dose and 
temperature as given by Eq. (14),  a s  h a s  been found i n  the 
previous  sect ion.  Hence, d i f f e r e n t  modulus-dose  curves 
a r e  needed  above the  T, f o r  each dose. The moduli 
determined i n  the temperature  range invest igated are  l i s t ed  
in  Table  6 and p lo t t ed  in  F igu re  17. Since the modulus 
va r i e s  with dose as well  as temperature above the Tm, 
t he  85-91 Mrad dose  leve l  was chosen t o  be var ied with 
temperature  above the Tm a s  a representat ive dose.  To 
gain an approximation on the upper and lower limits of  the 
modulus  above the Tm, t h e  modulus curves a t  13 Mrads  and 
300 Mrads have been plotted approximately by using the 
contour of t he  85-91 Mrad curve and obta in ing  the l e v e l s  
o f  the curves by p l o t t i n g  the  ac tua l  s ing le  va lues  o f  E 
a t  13 Mrads and 300 Mrads. 
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4.2 Shrinkage Properties and Equi l ibr ium States  
of 1.5 M i l  Gulf 5555 Polyethylene Film 
4.2.1 Equilibrium  Lengths 
As d iscussed  in  Sec t ion  2.3 o f  the  theory ,  there  
a r e  three lengths  t o  contend wi th  i n  d e a l i n g  with cross-  
l inked  oriented  polymers.  The f i r s t  length  (LI) i s  the 
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i r r a d i a t e d .  It i s  not   an  equi l ibr ium  length  s ince i t  
shrinks upon heat ing and does not  res tore  t o  i t s  o r i g i n a l  
length  when cooled. The mater ia l  does  shrink t o  a hot  
length (LII),  called the  i so t rop ic  l eng th ,  which i s  i n  
equi l ibr ium wi th  a new cold length (LIII). 
A s  par t  o f  charac te r iz ing  or ien ted  c ross l inked  
film, the dimensional changes i n  going from States I t o  Ii, 
and I1 t o  111, have been determined i n  the ex t rus ion  
d i r e c t i o n  a s  a function  of  dose.  The i s o t r o p i c   l e n g t h  ( L  ) 
was determined by measwing t h e  length of a sample a t  
14OoC., with the or ig ina l  co ld  length  be ing  1 i n .  t o  1.5 i n .  
I1 
Additionally,  the new e l -ys ta l l ine  equi l ibr ium length  was 
measured a t  room temperature.   Both  equilibrium  states  are 
repor ted  in  Table  7 a s  f r a c t i o n s  o f  LI. Since the f i l m  
i s  a b i a x i a l l y  o r i e n t e d  m a t e r i a l  t o  s t a r t  w i th ,  i t  i s  l i k e l y  
t h a t  there should be dimensional changes upon going above 
the T, i n  t h e  t r ansve r se  d i r ec t ion  a s  we l l  a s  t he  ex t rus ion  
d i r ec t ion .  It has  been  found, i n  a l i m i t e d  number of tes ts ,  
t h a t  i n  the  t r ansve r se  d i r ec t ion  the re  i s  a s l i g h t  expansion 
i n  g o i n g  from S t a t e  I11 t o  I1 o r  I t o  111: 
Mrad L I I / L I I I  LIII/LI 
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1.0lk.O05 1.03t .005 
1.02f.02 1.03*. 005 
4.2.2 C r y s t a l l i n i t y  
I n  o r d e r  t o  fu l ly  cha rac t e r i ze  the  po lye thy lene  
f i l m  i n  S t a t e  I11 it was necessary to measure i t s  percent  
c r y s t a l l i n i t y  with t ime.  Polyethylene,   unlike most o t h e r  
polymers, approaches i t s  f i n a l  c r y s t a l l i n e  s t a t e  by a 
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Table 7 
Lengths  Relative t o  Unheated State of 1.5 Mil 
Gulf 5555 Film in  Extrusion  Direction 
in Hot and Cold Sta tes  vs. Dose 
Dose 
(Mrad) 
































secondary  c rys t a l l i za t ion  mechanism. *' An important 
c h a r a c t e r i s t i c  of  a s econdary  c rys t a l l i za t ion  mechanism 
i s  the long protracted t ime i t  takes  for  the polymer t o  
achieve i t s  f i n a l   ( e q u i l i b r i u m )   c r y s t a l l i n e   s t a t e .  What 
occurs i s  tha t  the  polye thylene  first r ap id ly  ( <  10 min.) 
c r y s t a l l i z e s  t o  a g iven  pe rcen t  c rys t a l l i n i ty  by a primary 
c r y s t a l l i z a t i o n  mechanism; then there i s  a change of  
mechanism ( to  secondary  c rys t a l l i za t ion )  where t h e  
c r y s t a l l i z a t i o n  t h e n  p r o c e e d s  a t  a more protracted pace 
(> 100 hr . ) .  Current  theory suggests  that  the pr imary 
c r y s t a l l i z a t i o n  c o n s i s t s  of a combined nuc lea t ion  and 
growth mechanism where the degree of  c r y s t a l l i n i t y  c a n  b e  
followed by the  equation 
where z i s  a r a t e  cons t an t  
n i s  a constant  from 1 t o  4 depending on the type 
t i s  t h e  elapsed time 
of nuc lea t ion  and growth mechanism involved 
At t he  end o f  the  pr imary  c rys ta l l iza t ion  the  polye thylene  
i s  s a i d  t o  c o n s i s t  of n e a r l y  a l l  c r y s t a l s  - but  these 
c r y s t a l s  a r e  of an  imperfect  form.  There i s  poor  chain 
packing a t  t h e  o u t e r  p o r t i o n s  of  t h e  c r y s t a l  and there  i s  
poor  packing  between  crystals.  I n  genera l ,  there  may be 
s a i d  t o  be  amorphous regions within a g iven  c rys t a l .  The 
mechanism o f  s econdary  c rys t a l l i za t ion  then  t akes  ove r  t o  
increase  the  per fec t ion  o f  t h e  c r y s t a l s  by small molecular 
rearrangements i n  a nearly immobile matrix - hence, the 
s low  ra te .  The c rys t a l l i n i ty - t ime   r e l a t ionsh ip   du r ing  
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secondary crystall ization has been empirically found t o  
have the following form. 20 
x = c + D I n  ( t - t o )  
where C and D a re  cons t an t s  
to i s  the t ime of incept ion  o f  secondary 
c r y s t a l l i z a t i o n  
t i s  the t ime of  observat ion 
To determine i f  any o f  t h e  r e s i d u a l  e f f e c t s  a r e  
of s ign i f icance ,  long  term d e n s i t y ,  c r y s t a l l i n i t y ,  and 
strength measurements were made on crossl inked Gulf 5555, 
1.5 m i l  film i r r a d i a t e d  t o  90 Mrads and then annealed. 
Density was determined using a s tandard densi ty  gradient  
column 29930'31 cons i s t ing  o f  a g rad ien t  of  n-propanol 
and w a t e r  o p e r a t i n g  a t  23't0.1°C. The pe rcen t  c i -ys t a l l i n i ty  
was determined by in f r a red  spec t r a  from c h a r a c t e r i s t i c  
amorphous and c rys t a l l i ne  abso rp t ion  bands  exh ib i t ed  by 
polyethylene (see Appendix 11), and t h e  s t r e n g t h  was 
determined by a s t a n d a r d  I n s t r o n  t e n s i l e  t e s t  a t  ambient 
temperature. 
It was found t h a t  t h e r e  were s l i g h t  i n c r e a s e s  i n  
d e n s i t y ,  c r y s t a l l i n i t y  and s t r e n g t h  upon t e s t i n g  up t o  
700 hrs. (see  Table  8 ) .  S i g n i f i c a n t  I - R  absorption  bands 
showed changes (see Appendix 111, Figures 26 through 33), 
t h a t  c a l c u l a t e d  t o  an approximate 6% i nc rease  in  pe rcen t  
c r y s t a l l i n i t y .   S t r e n g t h   i n c r e a s e d  by 25%, and dens i ty  
increased by about 4%. These r e s u l t s  i n d i c a t e  t h a t  




time and consequently may have t o  be f u r t h e r  examined i f  
t h e  memory ma te r i a l  i s  used i n  a s i t u a t i o n  t h a t  r e q u i r e s  
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Table 8 
Changes of Properties wZth Time of Annealed (S ta te  111) 
Crosslinked Gulf 5555 1.5 Mil Polyethylene Film 
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0.063 0.522 0,079 0.459 0.119 0.449  0.476 
0.044  0.666  0.074  0. 93  0,106  .510  0.556 
0.048 0,636  0.08  0.452 0.106 0,510 0.532 
0.056  0.575 0.106 0.274 0.115 0.468 0.439 
0.050 0.620 o.ogl 0.376 0.115 0.468  0.488 
0.047 0.643 0.071 0.514  0.096  0.556 0.571 
0.048  0.636 0.072 0.507 0.105  0, 14  0.552 
0.049  0.628 0.074 0.493 0.106 0.510  0,544 
close tolerances.  
4.3 Environmental  T sts 
A number of environmental t e s t s  were performed 
on the crosslinked Gulf 5555 material .  The t e s t s  were 
a s  follows: 
Modulus hysteresis  




In general ,  the  resul ts  o f  t h e  t e s t s  were 
successful with no appreciable loss o f  mechanical properties 
o r  memory  on the f irst  four  tes t s .  The only tes t  t h a t  
showed f a i l u r e  was the blocking test .  Here,  the  poly- 
ethylene a t   a l l   l e v e l s  o f  crosslinking showed blocking. 
A br ief  descr ipt ion of  t he  t e s t s  and r e s u l t s  
now follow: 
Modulus Hysteresis - An ord inary  tens i le  
t e s t  a t  14OoC. was run on a crosslinked sample a minimum 
of five t imes; that  is ,  the sample was stretched passed 
i t s  l inear  por t ion  on the stress-strain-curve,  relaxed to 
0-strain,  and rerun. It was found tha t  t he re  was a l e s s  
than 2% l o s s  i n  modulus w i t h  cycle, which i s  w i t h i n  the 
experimental error. 
Memory Hysteresis - A l imited number of cross- 
linked samples were subjected t o  the memory t e s t s  (described 
in  Sec t ion  3.2.4) a minimum of five t imes.  It was found 
t h a t  100% recovery was obtained every time. 
I 
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twenty-five times. The samples were t e s t e d  f o r  degradation 
by measuring t h e  modulus a t  14OoC. before and a f t e r  t h e  t es t  
and then  comparing. It was f w n d  t h a t  t 3 e r c  was considerable  
deg rada t ion  a t  the 30 Mrad doses aad below but a t  t he  higher  
doses, 58 Mrads  and above, the loss i n  modulus was l e s s  
than 15%. Additionally,  memory t e s t s  were  pe=.formed. 
It was found, i n  g e n e r a l ,  t h a t  100% r e s t o r a t i o n  was a t t a i n e d  
a f t e r  t h i s  severe environmental t es t ;  although some s l i g h t  
cu r l ing  and warping occarred i n  the 12 Era d range. 
Thermal  Degradation - A l i z i ted  number of cross- 
linked samples were p l aced  in  a vacuum  Oven a t  1 7 5 O C .  f o r  
4 hrs. Kot modulus  and menory tests were performed before 
and a f t e r  be ing  sub jec t ed  to  the 1 7 5 O C .  temperature 
condi t ions.  It was found t h a t  t h e r e  was no loss i n  memory 
and a less than 10% loss i n  modulus a f t e r  t he  exposure .  
Blocking - Crosslinked samples o f  Gulf 5555, 
1-5 m i l  f i lm a t  doses of 13, 117 and 162 Mrads were placed 
toge ther  so  t h a t  a peel tes t  could be performed. 
See diagram below. 
Film I Wei 
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g h t  
A weight was placed over the samples and the system was 
heated t o  14OoC. f o r  1 hour. The f r ee  ends were then 
pul led apart  at 14OoC. us ing  the  Ins t ron  tens i le  tes te r .  
It was found that blocking (i .e ., s t ick ing  o r  self-bonding) 
occurred a t  a l l  l eve ls  of  crosslinking. The degree of 
blocking o f  the mater ia ls  a s  c l a s s i f i ed  by the Federal Test 
Method 1131 was 8s follows: 
117 and 162 Mrads - Degree S1. Be - Slight blocking. 
Sheets do no t  s l ide  f ree ly ,  
but  can be  made t o  s l i d e  by 
appl icat ion o f  slfght force.  
13 Mrads - Degree B. - Dlock'ing. Sheets have 
to-be  pae led  apar t  and surfaces 
a re  damaged. 
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5.0 BUCISLING PFiESSuRE THICKNESS STUDY 
Since a major  appl icat ion f o r  the  p l a s t i c  memory 
e f f e c t  would be f o r  the deployment of s p h e r i c a l  s a t e l l i t e s  
such  as  a i r  dens i ty  spheres ,  envi ronmenta l  de tec t ion  spheres ,  
and pass ive  communica t ions  sa te l l i t es ,  an  ana lys i s  o f  t he  
thickness  r e q u i r e d  t o  wi ths tand  so lar  pressures  for spheres 
o f  va ry ing  r ad i i  and s t r eng ths  was performed. The e f f e c t  o f  
temperature on the required thickness was a d d i t i o n a l l y  
inves t iga t ed .  
The classical  equat ion deFived f o r  determining 
t h e  c r i t i c a l  b u c k l i n g  p r e s s u r e  a s  a func%ion of thickness ,  t, 
of  a t h i n  s p h e r i c a l  shel l  i s  given as  fol lows:  
21, 22 
P =  2E t v t 2 ]  
c r  R( 1-v2) 3 2 3 
where E = t h e  modulus o f  e l a s t i c i t y  
v = t h e  P o i s s o n l s  r a t i o  
R = Radius of  sphere 
For a large sphere with a t h i n  s h e l l  
4 -Po L2 
R2 
So equation ( 17) mag be simplified as  fo l lows:  
o r  
- 2Et2 
1 2' 1 t = 3"(1-v )'R ( - 'cr )' 
2E 
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Equation (18) was used t o  ca l cu la t e  t he  sk in  
th ickness  to  wi ths tand  so lar  pressure  o f  spheres o f  r a d i i  
varying from 1 f t .  t o  4,000 f t .  w i t h  modulus varying from 
50 p s i  t o  100,000 p s i .  The theore t ica l  th ickness  va lues  
obtained  are  shown i n  Figure 18. Additionally,  based on 
the modulus-temperature relationship found i n  Sect ion 4.1.4 
thickness temperature curves a t  c o n s t a n t  r a d i u s  have been 
developed  which a r e  shown i n  F i g u r e  19. The dot ted  por t ions  
o f  the  curves  a re  in  the  phase  t rans i t ion  reg ion  where la rge  
changes in  s t rength occur  for  very small  changes in  tempera-  
t u r e .  
It has been found that the c l a s s i ca l  buck l ing  
pressure  equat ion  y ie lds  low values when the - r a t i o  i s  




theore t ica l  buckl ing  pressure  equat ions  f o r  t h i n  shelled 
spheres  are  given in  Theory of E l a s t i c  S t a b i l i t y  and 
Formulas for Stress and S t r a i n .  They a re ,  r e spec t ive ly ,  a s  
follows : 
"Experiments with t h i n  s p h e r i c a l  shells subjected 
t o  uniform external pressure show that  buckl ing 
occurs a t  p r e s s u r e s  much smaller  than that  given 
by e w a t i o n  ( 17). . . . . " ( r e f .  23) 
I 
"Because o f  t he  g rea t e r  l i ke l ihood  o f  geometri- 
c a l  i r r e g u l a r i t i e s ,  and the i r  g r e a t e r  r e l a t i v e  
e f f e c t ,  t h e  c r i t i c a l  stresses actually developed 
by such members usua l ly  fall shor t  of t he  
theo re t i ca l  va lues  by a wide r  margin than i n  the 
case o f  bars . . .  The c r i t i c a l  s t r e s s e s  o r  loads 
ind ica ted  by any one o f  the theore t ica l  formulas  
should,  therefore,  be regarded as an upper limit, 
approached more o r  less  c lose ly  accord ing  to the  
closeness w i t h  which the  actual  shape o f  the member 
approximate the geometrical form assumed.... I 1  
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100 Figure 18 THEORETICAL  SPHERE SKIN THICKNESS 
REQUIRED TO  WITHSTAND SOLAR PRESSURE VS. 
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Figure 19 THEORETICAL  SPHERE S K I N  THICKNESS //" 
To WITHSTAND  SOLAR  PRESSURE  VS 
TEMPERATURE  WITH RADIUS AS A / /  
PARAMETER / /  I /  '/ 7 
RADIUS (ft . ) 
212.5 








Rourk a d d i t i o n a l l y  s t a t e s  t h a t  this discrepancy continues 
t o  increase  with the thinness  of  t h e  ma te r i a l .  24 
A l imi ted  number of buckl ing  pressure  tes t s  were 
25 
performed by NASA-Langley Research  Center, on t h i n  
walled  spheres w i t h  values  of 0.5882 x and 
0.1176 x The mater ia l   used   inthese   inves t iga t ions  
was an aluminum mylar laminate o f  0,71 m i l  t o t a l  t h i c k n e s s  
(Echo I1 m a t e r i a l ) ,  and t h e  spheres inves t iga ted  were 
30 inches and 12.5 f e e t  i n  d i a m e t e r .  It was found  from 
these  expe r imen t s  t ha t  t he  ac tua l  p re s su re  needed to  cause  
buckling depended on the i n i t i a l  i n f l a t i o n  p r e s s u r e ,  and 
varied from 1/20 t o  1/6 of  the  theo re t i ca l  buck l ing  p res su re ,  
With the above considerat ions in  mind, a c t u a l  
weights of  spheres may be found by applying a co r rec t ion  
f a c t o r &  t o  the thicknesses  specif ied by rad ius  and 
temperature.  Following t h i s  method a sample ca l cu la t ion  
shows t h a t  a sphere of polyethylene memory ma te r i a l  of 
.92 gm./cc, dens i ty  i s  competitive w i t h  t he  Echo ma te r i a l s  
from a weight standpoint.  
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6.0 CONCLUSIONS AND RECOMMENDATIONS 
The r e su l t s  ob ta ined  from th is  s tudy  have  
yielded sufficient information about the fundamen.ta1 
propert ies  of  crossl inked polyethylene memory ma te r i a l  
t o  determine the f e a s i b i l i t y  of i t s  use f o r  deploying 
ob jec t s  i n  space .  In  add i t ion ,  da t a  or- the  mechanical 
properties has been gathered so t h a t  t h e  memory ma te r i a l  
may be evaluated f o r  s t r u c t u r a l  p u r p o s e s  a s  well a s  f o r  
deployment purposes. 
From s t u d i e s  on the  fundamental  propert ies  of 
crosslinked polyethylene,  Gulf 5555 polyethylene film 
was chosen t o  have i t s  mechanical and memory p rope r t i e s  
e v a l u a t e d  i n  d e t a i l ,  s i n c e  it most c l o s e l y  s a t i s f i e d  t h e  
a c c e p t a b l e  c r i t e r i a  of a memory mater ia l .  
The specif ic  conclusions which follow i n d i c a t e  
those areas completed and the specific accomplishments 
rea l ized .  Addi t iona l ly ,  a l i s t i n g  of work s t i l l  needed 
i s  given. 
6.1 Crossl inking  Propert ies  
With the fo l lowing  f ac to r s  a f f ec t ing  c ros s l ink ing  
evaluated, molecular weight,  degree of branching, molecular 
we igh t  d i s t r ibu t ion ,  c rys t a l l i n i ty ,  t empera tu re ,  dose ,  
and crosslinking environment (presence o f  oxygen), i t  was 
found tha t  molecular  weight  d i s t r ibu t ion  i s  the  
predominat ing   fac tor   a f fec t ing   c ross l ink ing .  I n  addi t ion ,  
the data compiled on crosslinking experimentally verifies 
the theory o f  c ros s l ink ing  a s  d i scussed  in  Sec t ion  2.0. 
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6.2 Mechanical  Properties 
The mechanical  propert ies  o f  the crossl inked 
Gulf 5555 ma te r i a l  were  determined i n  d e t a i l .  It was 
found, t h a t  t h e  m a t e r i a l  h a s  s u f f i c i e n t  s t r e n g t h  f o r  t he  
cons t ruc t ion  of s a t e l l i t e s  s u b j e c t e d  t o  so l a r  p re s su res .  
Additionally,  i t  was found t h a t  t he  material  can withstand 
a number o f  environmental tests such as thermal shock 
and thermal degradation tes t s .  
6.3 Memory 
The memory o f  a number o f  i n f t i a l   m a t e r i a l s  
was inves t iga ted  t o  de te rmine  the  e f fec t  of t he i r  mo lecu la r  
p rope r t i e s .  It was f o u n d ,  a s  i n  the crossl inking  s tudy,  
t ha t  t he  ma te r i a l  with the narrowest molecular weight 
d i s t r i b u t i o n  (Gulf 5555) had t h e  best memory. 
Of most importance i n  the  empirical  experiments 
on demonstrating the memory e f f e c t  was the f a c t  t h a t  f o r  
t he  first time a c ross l inked ,  th in  fi lm (1.0 m i l )  m a t e r i a l  
was demonstrated t o  r e s t o r e  100% (have a complete  reversible  
memory) i n  a l-g environment. This i n d i c a t e s  t h a t  a cross-  
l i nked ,  t h in  f i l m  mater ia l  should  res tore  100% i n  a 0-g 
environment. The memory of thin,   crossl inked  polyethylene 
f i l m  was a l s o  shown t o  be r epea tab le ,  t ha t  is ,  capable 
of  r e s t o r i n g  t o  i t s  r equ i r ed  conf igu ra t ion  a f t e r  many cycles .  
6.4 Processing 
It had been  found that complete (100%) r e s t o r a t i o n  
o f  a memory ma te r i a l  i s  dependent upon t h e  s t a t e  of s t r a i n  
( o r i e n t a t i o n )  it i s  i n  when crossl inked.  If the  ma te r i a l  
80 
i s  oriented when crosslinked it w i l l  i r r eve r s ib ly  shrink 
upon the first memory cycle. It had been  found t h a t  two 
processes can be  used to  e l iminate  th i s  problem. They are:  
1. Producing s t r e s s - f r ee  films. 
2. Annealing the crosslinked oriented f i l m -  
and then using t h i s  annealed film as  the  
s t a r t i ng   ms te r i a l .  
6.5 Uses 
Based upon the s t rength of the crosslinked poly- 
ethylene a t  various doses and temperatures i t  was found 
that  spheres  of radius of up t o  200 f t ,  could be constructed 
t o  withstand solar pressures when operating at  temperatures 
between +60oc. and -7OOC. and s t i l l  not be p r o h i b i t i v e  i n  
weight.  (Larger radii  spheres  could be constructed  to 
operate at lower temperatures.) A sphere with a radius 
of 200 f t .  would need a skLn thickness of ca. 1.0 m i l  
corresponding t o  a weight of 4,000 l b s .  Of even g rea t e r  
i n t e r e s t  i s  the fact  that  spheres  of up t o  100 f t .  radius 
could be constructed to withstand solar pressures when 
operating a t  temperatures above the Tm and s t i l l  not be 
prohibi t ive in  weight .  A sphere o f  100 f t .  radius operating 
a t  14OoC. would need a thickness of only 3.5 mils corre- 
sponding to a weight o f  4,000 lbs. and a sphere o f  
6 f t .  radius need only weigh 0.36 lbs .  
The low weight  character is t ics  of  using 
polyethylene memory mater ia l  as  a medium f o r  deployment 
(with no inflatant)  strongly suggests the use of the mater ia l  
f o r  air  density spheres,  environmental  detection spheres 
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a s  wel l  a s  p a s s i v e  c o m m u n i c a t i o n s  s a t e l l i t e s  and r e f l e c t o r s .  
Although most o f  t h e  a t t e n t i o n  i n  u s i n g  t h e  
memory e f f e c t  i n  t h i s  and  pas t  work i s  d i r ec t ed  towards  
the  c o n s t r u c t i o n  o f  b a l l o o n - l i k e  o b j e c t s  made from film 
m a t e r i a l ,  t he  memory concept  i s  n o t  e n t i r e l y  l i m i t e d  t o  
t h e s e   c c n f i g u r a t i o n s .  A n a t u r a l   a r e a ,  where t h e  memory 
e f f e c t  c a n  be u s e d  a s  a means of deployment,  i s  i n  t h e  
deployment of f l a t  ana  co rne red  ob jec t s  where i n f l a t a b l e  
deployment   techniques  cannot  be u s e d .   I n  t h i s  c a s e   t h e  
memory e f f ec t  can be used t o  d e p l o y  o b j e c t s  s u c h  a s  c c r n e r  
r e f l e c t o r s ,   I - b e a m s   a n d   o t h e r   s t r u c t u r a l   u n i t s .   A n o t h e r  
c o n f i g u r a t i o n  o f  p o s s i b l e  u s e  i s  h i g h l y  o r i e n t e d  p o l y -  
e t h y l e n e  f i b e r .  It has   been   found   t ha t   h igh ly   o r i en ted ,  
h igh ly   c ros s l inked   ( above   ca .  500 Mrads)   polyethylene f i b e r  
i s  capable  o f  s e l f - c o n t r a c t i o n  and se l f - expans ion  when 
expanded length of  t h e  f i b e r  i s  apprcximate ly  25% l o n g e r  
than  t h e  c c n t r a c t e d  l e n g t h  a n d ,  a s  d i s c u s s e d  i n  S e c t i o n  2.3 
of  the T h e o r y ,  a f t e r  a n  i n i t i a l  a n n e a l i n g  t h e s e  two s t a t e s  
a re   r eve r s ib l e   ( s ee   s chemat i c   d i ag ram,   page  26) .  Conse- 
q u e n t l y ,   t h e   c r o s s l i n k e d ,   o r i e n t e d   p o l y e t h y l e n e   f i b e r  
coa ted  w i t h  t h e  p r o p e r  t h e r m a l  c o n t r o l  c o a t i n g  c a n  be 
used a s  t h e  working medium i n  a r e v e r s i b l e  h e a t  e n g i n e  
o r  u s e d  a s  a " p a s s i v e "  c o n t r o l  mechanism t h a t  i s  t h e r m a l l y  
a c t i v a t e d .  
13 
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6.6 Future Work 
Areas s t i l l  n o t  f u l l y  i n v e s t i g a t e d  t h a t  r e q u i r e  
study before the memory e f f ec t  can  become ope ra t ive  a re  
a s  follows: 
Thermal Control Coatings 
An Annealing Scale-up 
Bonding 
Blocking 
The e f f e c t  o f  meta l l ic  coa t ings  on s t rength .  
Tv~o o the r  a reas  which were l igh t ly  touched  upon i n   t h i s  
study, the effect  of  branching and oxygen environment 
on the e f f i c i ency  o f  crossl inklng,  should be undertaken to 
see i f  the  dose can be sufficiently lowered t o  achieve 
the same l e v e l  of c ross l ink ing .  
Thermal Control Coatings - Metallized Surfaces - 
The u t i l i z a t i o n  of the memory phenomenon i s  wholly dependent 
on the  app l i ca t ion  o f  h e a t  t o  the  packaged a r t i c l e ,  The 
hea t  lnput  must r a i s e  the temperature o f  the s t r u c t u r e  
(above i t s  Tm) t o  be deployed. As noted  previously,   the 
res tora t ion  forces  can  only  opera te  once  the  c rys ta l l ine  
r e s t r a f n i n g  f o r c e s  a r e  removed. Therefore ,   s tep   one   in  
any deployment scheme requi res  hea t ing  the  s t ructure  above 
i t s  T,. Since the predominant source of heat in space i s  
by rad ia t ive  absorp t ion  i t  n e c e s s i t a t e s  c o n t r o l  of  the 
s u r f a c e r s  a / e  r a t i o  t o  ob ta in  a temperature T > Tm, 
Along with achieving T > Tm it  may be necessary to have 
the  sur face  coa t ing  of specific smoothness depending upon 




An Annealing Scale-up - Since it i s  important 
t o  o b t a i n  a ma te r i a l  t ha t  does  no t  i r r eve r s ib ly  sh r ink  
upon going through a memory cycle ,  it i s  necessary t o  
ob ta in  a shr ink- f ree  mater ia l  ( such  as  a cas t ,  p ressed  
o r  molded m a t e r i a l )  o r  t o  modify a shr inkable  mater ia l  
(extruded fi lm) t o  remove the shrinkage by annealing. 
It has already been shown t h a t  s t r e s s - f r e e  m a t e r i a l s  a r e  
s u i t a b l e  a s  the s t a r t i n g  m a t e r i a l  t o  b e  u s e d  a s  the 
medium f o r  a memory cycle .   Addi t ional ly ,  i t  has  been 
shown f o r  crossl inked films t h a t  a r e  o r i e n t e d ,  an 
annealing step above the Tm w i l l  y i e l d  a ma te r i a l  which 
w i l l  have s t a t e s  which are  reversible  between temperatures  
below  and  above the Tm. The nex t  s t ep  would then involve 
using t h i s  d a t a  on  annealing developed under t h i s  cont rac t  
t o  s c a l e  up the operat ion o f  anneaiing t o  produce quant i t ies  
of ma te r i a l s .  
Bonding - A t  p resent  it has been established that 
an  exce l len t  bond i s  produced by ul t rasonic  bonding 
techniques on polyethylene crossl inked to  15 Mrads. 
But it i s  also important  t o  s tudy the  v a r i a t i o n  on bond 
s t r e n g t h  and ease of bonding with the degree of cross- 
l ink ing .  It has  been shown t h a t  t h e  memory force  increases  
with an  inc rease  in  r ad ia t ion  dose .  This  increase  in  dose  
causes the development o f  a t i gh te r  crosslinked network. 
The flow prope r t i e s  o f  t he  c ross l inked  p las t ic  decrease  
a s  the  c ros s l ink  dens i ty  inc reases  and th i s  i n  t u r n  
adve r se ly  a f f ec t s  t he  ease of bonding and bond s t r eng th  
26 
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s ince  u l t rasonic  bonding  involves  only  the sur face  flow 
o f  two i n t e r f a c e s .  
The bond s t r eng th  o f  t he  po lye thy lene  a t  va r ious  
degrees of c ros s l ink ing  may probably be the governing 
f a c t o r  i n  s p e c i f y i n g  t h e  p e r m i s s i b l e  c r o s s l i n k i n g  d e n s i t y .  
It would be d e s i r a b l e  t o  use the highest poss ib l e  c ros s l ink  
d e n s i t y  s i n c e  t h i s  maximizes t h e  r e s t o r a t i o n  f o r c e .  The 
opera t ing  var iab les  of u l t r a s o n i c  and other bonding 
techniques should be s tudied t o  ach ieve  sa t i s f ac to ry  
bonds a t  high degrees  of  crossl inking.  
Blocking - I f  a polyethylene memory s t r u c t u r e  
i s  to be used unmetallized or metal l ized on one s ide,  
blocking w i l l  p r e sen t  a problem. In the absence of  m e t a l l i c  
coa t ings  it is  then necessary t o  run experimental  s tudies  
on t h e  adhesion and b lock ing  r e t a rd ing  cha rac t e r i s t i c s  o f  
organic  coat ings on t h e  crosslinked polyethylene.  
E f fec t  o f  Metal l ic  Coat ing on Memory and St rength  - 
In  conjunct ion  with the appl ica t ion  of  meta l l ized  sur faces  
a study needs t o  be undertaken t o  determine the e f f e c t s  
on the memory o f  the crossl inked polyethylene f i l m  by 
the  app l i ed  me ta l l i c  coa t ing  t o  the f i lm.  T h i s  needs to 
be done s ince  it i s  p o s s i b l e  t h a t  t o o  t h i c k  a m e t a l l i c  , 
c o a t i n g  r e l a t i v e  t o  the crosslinked polyethylene could 
r e t a r d  t h e  memory o f  the crossl inked polyethylene film. 
Since added metal coating w i l l  increase  the 
s t r e n g t h  of a polyethylene f i l m  ma te r i a l  ove r  t ha t  of t he  
polyethylene alone, i t  would be necessary t o  determine t h e  
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s t r eng th  of the lamina te  for  i t s  u s e  i n  a n y  s t r u c t u r a l  
app l i ca t ion .  
Test  Models - A s  a f i n a l  s tep of the  research  
described and recommended herein,  i t  i s  s t rongly suggested 
t h a t  s m a l l ,  t h i n  s p h e r i c a l  models be constructed to be 
used i n  0-g deployment tes ts .  T h i s  would g ive   s t rong  
proof of  the  f e a s i b i l i t y  of the  memory e f f e c t  wi th  i t s  
many in te rac t ing  parameters  and s e t  the s t age  f o r  i t s  
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LIST O F  SYMBOLS 
The cross -sec t iona l  a rea  o f  a polymer molecule. 
The g e l  f r a c t i o n  of  a crosslinked polyn;er, 
d inens ionless .  
Boltzmann constant. 
Number of  crossl inks per  dose produced in  the 
amorphous region o f  a polyethylene mater ia l .  
Number of  crossl inks per  dose produced in  the 
c r y s t a l l i n e  r e g i o n  of  a polyethylene mater ia l .  
The s p e c i f i c  e x t i n c t i o n  c o e f f i c i e n t  f o r  t he  
completely amorphous polymer a t   t h e  wave 
number n,  cm . /gm. 
The s p e c i f i c  e x t i n c t i o n  c o e f f i c i e n t  f o r  the  
completely crystall ine polymer a t   t h e  wave 
number n, cm .2/gm. 
The s lope of the Charlesby-Pinner curve,  
s+rs vs . F, Mrads. 1 
The i n i t i a l  m o l e c u l a r  s i z e  d i s t r i b u t i o n .  
An exponential-  constant for polymer 
c r y s t a l l i z a t i o n ;  wave number i n  t h e  i n f r a r e d  
region,  cm. . 
The f r a c t u r e  d e n s i t y  p e r  1 Mrad o f  i r r a d i a t i o n .  
Cross l ink ing  dens i ty .  
Crossl inking densi ty  obtained per  1 Mrad 
i r r a d i a t i o n .  
Radiation dose, Mrads. 
The s o l  f r a c t i o n  of a crosslinked polymer, 
dimensionless.  
The elapsed  t ime; sphere th ickness ,   inches .  
The time of  incept ion  of  s econdary  c rys t a l l i za t ion .  
Number of polymer chains per unit  volume; 
number of c ros s l ink  un i t s  i n  the  ne twork  
s t r u c t u r e ;  P o i s s o n l s  r a t i o .  
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Y The number of  c r o s s l i n k s   p e r   i n i t i a l  number 
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Z A ra te   constant  for polymer c rys t a l l i za t ion .  
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i t s  Tme 
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Number average molecular weight of polymer chain. 
Molecular Weight of a r epea t  un i t  i n  a polymer 
chain. 
Mw Weight average molecular weight. 
N Avagadro's Number 
OD Optical  density = In  f- , 
ODn The op t i ca l  dens i ty  a t  t he  wave number, n. 
IO 
P The degree o f  polymerization. 
Cri t ical   buckl ing  pressure,   ps i  
Pn(o> The i n i t i a l  number average  degree of 
polymerization. 
Q Total  number o f  crossl inks  per   dose produced 
i n  a polyethylene material. 
R Radius of sphere,  inches. 
- 2  R Mean square end t o  end dis tance of  an 









LIST O F  SYMBOLS (Continued) 
Absolute temperature , OK. 
Crys ta l l ine  mel t ing  poin t ,  OC. 
The l i n e a r  d i a l a t i o n  f a c t o r  = average chain 
length in the  or iented s ta te /average chain 
length i n  t he  unor i en ted  s t a t e .  
Parameter  in  the Wesslau molecular weight 
d i s t r ibu t ion  expres s ing  the spread o f  the 
d i s t r i b u t i o n .  
The c r o s s l i n k i n g   c o e f f i c i e n t .  The number of 
c r o s s l i n k  u n i t s  per weight average molecule. 
S t ra in ,  d imens ionless ;  spec i f ic  ex t inc t ion  
c o e f f i c i e n t  , cm .2/gm. 
The s p e c i f i c  e x t i n c t i o n  c o e f f i c i e n t  f o r  
amorphous po lye thy lene  a t  t he  wave number n, 
em .2/gm. 
8 ‘n 
The s p e c i f i c  e x t i n c t i o n  c o e f f i c i e n t  f o r  
c rys t a l l i ne  po lye thy lene  a t  t he  wave number n,  
em .2/gm. 
l , l ( T )  F r a c t i o n   o f   c r y s t a l l i n i t y   i n  a polyethylene 
material ,   dimensionless.  
0 Density , gm ./cc. 
CY Stress, p s i .  
7 The s c i s s i o n   t   c r s s l i n k i n g   r a t i o .  
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APPENDIX I - 
I n  
of  t he  films 
GEL PERMEATION CHROMATOGRAPHY TO DETERMINE 
MOLECULAR WEIGHT DISTRIBUTIONS 
completing the work on the i n i t i a l  p r o p e r t i e s  
under study, gel  permeation chromatographies 
(GPC) have been performed on the polymer films used i n  the 
memory s tudy t o  determine the molecular  weight  d i s t r ibu t ion  
o f  the mate r i a l s .  The technique of gel  permeation 
chromatography involves the elution and se l ec t ive  sepa ra t ion  
of a polymer dissolved in  so lven t  t h rough  a column packed 
w i t h  a crossl inked  polystyrene  porous  gel .  The concen- 32 
t r a t i o n  of  polymer leaving the column i s  measured by 
d i f f e r e n t i a l  r e f r a c t o m e t r y  vs. time. A schematic diagram 
of the system i s  shown i n  F i g u r e  20. The molecular 
s e p a r a t i o n  i n  t h i s  system i s  determined by the s i z e s  of t he  
i so l a t ed  molecu le s  a t  the condi t ions  of opera t ion  and the 
solvent used. 32933 The smaller  molecules  are  more l i k e l y  
t o  become en tang led  in  the c ross l inked  s tyrene  ge l  than  
the   l a rger   ones .  Hence, the la rger   molecules   l eave   the  
column a t  a f a s t e r  r a t e  t h a n  the smaller  ones.  The technique 
r equ i r e s  t he  c a l i b r a t i o n ,  f o r  a given column  and opera t ing  
condi t ions,  of known molecular weight f r a c t i o n s  of a given 
substance versus the  time it t a k e s  f o r  t h e s e  d i f f e r e n t  
f r a c t i o n s  t o  pass  through the column. It must  be  emphasized 
t h a t  i n  u s i n g  GPC t o  determine the molecular we.ight d i s t r i -  
but ion of  polymers that the conditions used must be exactly 
the  same as  those  used  t o  determine the  c a l i b r a t i o n  
34,35 curve,  
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Figure 20 SIMPLIFIED SCHEMATIC DIAGRAM OF GPC APPARATUS 
The conditions used t o  determine the molecular 
we igh t  d i s t r ibu t ion  of the polyethylenes under  s tudy are  
a s  follows: 
Temperature : 1 3 8 O C .  
Solvent:  1,2,4-Trichlorobenzene 
Concentration:' 0.25% polymer solution 
Flow r a t e :  1.0 hl./min. 
Column Arrangement: Four columns i n  s e r i e s ,  
permeabi l i ty  limits 
106, 10 , 10 9 10 A. 5 4 3 "  
Column mater ia l :  Polystyrene gel .  
Cal ibrat ion curves (see Figure 21)  a t  these 
condi t ions f o r  bo th  l inear  and branched polyethylenes 
a r e  a v a i l a b l e .  36 The r e s u l t s  of  the  gel permeation 
chromatographies are shown i n  F i g u r e s  22 through 25. 
The heights  of these curves  a re  a d i rec t  measure of the 
w e i g h t  f r a c t i o n s  a t  t he  corresponding  counts. From the  
pr imary dis t r ibut ion curves (Figures  22 through 25) the 
average molecular weights have been computed using the 
following equations: 
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where Mn = number average molecular weight 
Mlv = weight average molecular weight 
Mi = number average molecular weight a t  a given count 









Figure 21 GPC CALIBRATION CURVES 
Analysis  Conditions: 
Solvent: 1,2,4-Trichlorobenzene 
Columns: 10 , 10 , 10 , 10 A 
(in series) 
Temperature : 138OC. 
Flow rate: 1 cc ./min. 
6 5. 4 3 "  
0 Low density  polyethylene 
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Figure 22 MOLECULAR  WEIGHT  CHROMATOGRAM 
BY G P C  ON G U L F  5555 FILM 
I 
Figure 23 MOLECULAR  WEIGHT  CHROMATOGRAM BY GPC ON PHILLIPS 3328 FILM 
" . . . . . . . 
Figure 24 MOLECULAR  WEIGHT CHROMA-TOGRAM BY GPC ON DUPONT SUPER C FILM 
J I I 
22 23 24 25 26 27  28. 29  3 0   3 1   3   3 3  34 t 
COUNTS 
Figure 25 MOLECULAR  WEIGHT  CHROMATOGRAM BY GPC ON PHILLIPS 6003 FILM 
COUNTS 
APPENDIX 11 - THE  DETERMINATION OF THE: PERCENT CRYSTALLINITY 
OF POLYETHYLENE FILM BY INFRARED SPECTRA 
MEASUREMENT 
The f r a c t i o n  c r y s t a l l i n i t y  ( X )  o r  f r ac t ion  
amorphous ( 1 - X )  mater ia l  can be determined by infrared 
spectra from cha rac t e r i s t i c  amorphous o r  c r y s t a l l i n e  
absorption bands exhibited by polyethylene, The following 
absorption bands are considered: 3L38 
1303 cm. amorphous 
1352 cm.-l amorphous 
1368 cm . amorphous 
1894 cm,-l c r y s t a l l i n e  
Use i s  made o f  Beers law: 
IO I n  - I = e t p  
where Io = the  beam in t ens i ty  
I = the  in tens i ty  a f te r  absorp t ion  
IO In  - = the  opt ica l  dens i ty  = OD I 
= t he  spec i f i c  ex t inc t ion  coe f f i c i en t  
t = the  sample thickness 
o = the sample density 
For an amorphous band the  spec i f ic  ex t inc t ion  coef f ic ien t  
is  d i r ec t ly  r e l a t ed  t o  the  f rac t ion  o f  amorphous mater ia l  
contained i n  t h e  sample: 
‘an 
= k (1-1) 
an 
For a c rys t a l l i ne  band the  spec i f ic  ex t inc t ion  coef f ic ien t  
i s  d i r ec t ly  r e l a t ed  t o  the  f rac t ion  of  c rys ta l l ine  mater ia l  
i n  t h e  sample: 
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The constant   factors ,  k and k ', fo r   t he  
an 'n 
spec i f ic  ex t inc t ion  coef f ic ien ts  have been determined from 
densi ty  and infrared measurements. 37 39 
Their values are: 
k 6.10 cme2/g. 
'1894 
The percent amorphous o r  c rys t a l l i ne  ma te r i a l  
i s  then determined using equations (21) and (22) Or (23) 
ODn 
n 
1 = F - m  C 
I 
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APPENDIX I11 - INFRARED SPECTRA 
Infrared spectra were determined on the i n i t i a l  
four  mater ia l s  used  in  the study and on annealed (State  111) 
Qulf 5555 1.5 m i l  f i lm,  The spec t ra  were determined  using 
a Perkin Elmer Model 21 Infrared Spectrophotometer.  
Model 21 i s  a double beam spectrophotometer with a 
sodium chlor ide  prism capable  of  measuring absorpt ion in  
the wavelength  range  of 2.5 t o  15 u. Checks fo r  s t anda rd -  
i z a t i o n  were made with a 0.07 mm. polystyrene standard 
f i l m  (Figure 26). I n  a l l  c a s e s ,  films of 1.0-1.5 m i l  
th ickness  were used wi th  a i r  a s  a re ference .  
The I - R  spec t r a  of the  four  base  films a r e  
shown i n  F i g u r e s  27 and 28. The spectra  determined 
a t  vary ing  t imes  as  par t  o f  the c r y s t a l l i n i t y  s t u d y  a r e  
presented  in  chronologica l  order  in  F igures  29-33. 
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Figure 26 INFRARED SPECTRA OF POLYSTYFU3NE STANDARD 
Figure 27 INFRARED  SPECTRA OF POLYETHYLENES  USED I N  MAIN PART 
OF STUDY - GULF 5555 AND DUPONT SUPER C 
DUPONT SUPER C 
Figure 28 INFRARED  SPECTRA OF POLYETHYLENES USED IN MAIN PART 
OF STUDY - PHILLIPS  3328 AND PHILLIPS  6003 
ml .la 
PHILLIPS  3328 
PHILLIPS 6003 
. . .. 
Figure 29 INFRARED  SPECTRA-TIME STUDY OF ANNEALED  STATE 111, CROSSLINKED, 
GULF 5555 1.5 MIL POLYETHYLENE FILM - 0.14 HR. AND 0.31 HR. 
Figure 30 INFRARED  SPECTRA-TIME STUDY OF ANNEALED  STATE 111, CROSSLINKED, 
GULF 5555 1.5 MIL POLYETHYLENE FILM - 0.60 HR. AND 0.86 HR. 
W 
TIME = 0.60 HR. 
Figure 31 INFRARED  SPECTRA-TIME STUDY OF ANNEALED STATE 111, CROSSLINKED, 
GULF 5555 1.5 MIL POLYETHXLENE FILM - 1.87 HR. A N D  24.62 HR. 
TIME = 101 HR. 
I 
1 
Figure 33 INFRARED  SPECTRA-TIME STUDY OF ANNEALED STATE 111, CROSSLINKED, 
GULF 5555 1.5 MIL POLYETHYLENE FILM - 700 HR. 
